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ABSTRACT 


Several experiments utilizing the absorption, interference 
and Thomson scattering of C0. laser radiation as plasma diagnostic 
techniques are reported. 

An electromagnetic shock tube has been used to verify the 
inverse bremsstrahlung absorption coefficient for 10, radiation. 
Subsequent absorption measurements on a plasma jet have yielded 
electron density profiles. A Mach-Zehnder interferometer and a 
plasma jet have been used in a quantitative calibration of Langmuir 
probe ion current from collision-dominated flowing plasmas. 

A new technique employing simultaneous absorption and 
interferometry has yielded both the temporal electron density and 
temperature in the afterglow of a laser spark in argon. This setup 
appears particularly suitable for determining electron-ion 
recombination coefficients. 

Integrated Thomson scattering from a low density hollow cathode 
discharge has been measured. Spectral analysis was unattainable 
due to poor laser characteristics. A high a, collision-dominated 
spectrum has been observed for the first time using a plasma jet 
and a C0, laser. Substantial narrowing of the central ion feature 
due to collisions has been found. In another experiment, the 
spectrally integrated enhanced scattering from a TEA C0, laser- 
produced hydrogen plasma was measured using a separate TEA C0, 
laser. Enhancements of 1100 times the thermal level have been 
observed. 

Finally, the maximum pulsed C0, laser energies usable for 
low-perturbation diagnostic purposes in atmospheric-pressure, 
partially ionized plasmas have been obtained using a TEA C0. laser 
and a plasma jet. Measured large-perturbation thresholds are in 
reasonable agreement with those calculated on the basis of 
increased ionization limitations. 


iv 








hi 
- = ~~ oe pa wad _ 
sttzonpsth anesta 26 nottather saest Oo to 
oneegno 

edt ytisev o2 beay nead zat Sdud Apode atfempenovsoate mA 
motsetbes ht 10? Ineist tena dene i 
babfe?y ovsed fof, em2zsiq 6 ano 2tnsmetve sem 
& bin Ssrumonataaint -rebatsh: 
+tumpnst to nokrerdttso svtsaat annie 5 nt pen read peices 
.zemes{q pntwolt hsdentmob-notet (foo mavt gaetty not edorq 

bis notaqreads cioanattumte prtyotame ouptndoes wen A 
bas vitensh notdosto! Tetodmsd “att? ted bebtaty. 264 yrfenorstysint 
quise 2tiT .nneve ni yeaz wget 6 %0 wolpretts ed? nf sod aroqned 
not-rovinsls: eatrtenetap vot aideztue vinaiostiveg eyseqge 
-ateetaryigeo aolisatdmozet 

ebodias wotfon voters wol s mont patvetiese nosorT patsyosial ~ 

efdsntatism 2ow 2hewfens Ienfsege .nesuesem nesd zat spradoeth. 
botentmbb=noteti fda <p tpht A .29?teiadasvets ase8T 100g oF OUR 
fot smeatq & onfeu autd fottt oft vO? bavreado asad 2nd mutszeq2 
s1uisst not fevnes ota Yo wntworen fstanetedu2 .vs26f “® 6 bas 
aft .dnantoadxe “edtons oT .bhwot need esd enotelTfos of oub 
<1926) 5 ATT co nox? onfastiace beotsdas betsrostat yffstosge 
,09 ‘cst araynqe2 6 pniav bevuesem aéw smaslq nogorbyd baguborg 
aid oved Tavet femred? ait cauty OFT to atnamaonerins .7eet 
- bev ado 

wo) afdagy astprens yees! gD baetud mumixem off .yf(sart 
yowazeng-strsdanomte nt zezoqrug aitzonnsth notredniag-w0f 
fF M AaT 6 inten tants es apmenig baxtno? bigigenae 





















i ees.” 
7 / 


ACKNOWLEDGEMENTS 


Particular thanks go to Dr. A. Offenberger who supervised 
this work and permitted such a broad range of experiments to be 
undertaken. His prompt reading and return of this thesis is most 
appreciated. I would also like to gratefully thank him for 
encouragement, both professional and personal, during the course of 
this work. 

The author would also like to express his appreciation to 
the following people: the members of the Plasma Group for their 
helpful .suggestions and assistance; Doug Way-Nee for his technical 
assistance with the experiments; Barry Arnold for providing the 
excellent optical components and coatings; Maureen Mounteer for her 
excellent and prompt typing of this thesis; and the staff of the 
Machine Shop for their fast and excellent construction of the apparatus 
with particular thanks going to Konrad Doerbecker and Herb Gans. 

The author also gratefully acknowledges financial support 
received from the National Research Council of Canada and the Department 


of Electrical Engineering. 




















be2hv7se 


sit yfTutadew of ont ozs bTuow I “a eto — ‘ 
sit pnts , fewoavan bes Iehatee 


o+ nolfarsortads ern eee ges O2 30 orfe bTuow yortus ont 


> ave) enoetS a to ovetinem eft .rsfqosq entwolte? 6 i. 


yi Le Be (pk | Pe rms ‘ 
’ 
std 10? obH-yRW Gua peanhsetees brs enol s2onQue Aytatad 
"NV60 j(emnomr"sque 9 t istw sonetetees 
sot “eptnyoM nesiueh sepeténes me alrsnaqme> aatige spots 
P ; 7 awa Y 
) Fiete or 6 gereodt atey Yo ontqyd Tqno1g bre snails ox 


re 
" 4 i . 4 4 os" ) * o For Ay ‘> qone ) on hia 5? . 
e616 ty nord toro F049 ; hen es NO 
_ valle 
A diol bas * . i bevaoY of pnfop aimed selusreteq itty 
; : , : _ 
vifwWetew ozis 4edtus OAT » 
7 a - 
_ 


< | 
tne mia : if at 4 « + é) 1] : Tish a , B92oh : aitol al ord mort bevis 7 : 
ontrgentgn’ fsotndoeta | > 

——-" 


a 







ce _ cy 


al 7 
1 Nigh ot Atta 


TABLE OF CONTENTS 


Page 
CHAPTER I : INTRODUCTION ] 
CHAPTER II : INTERFEROMETRY AND ABSORPTION 6 
2.1 Introduction 6 
2.2 Theory 7 
2.3 Shock Tube Measurements ia 
2.4 Plasma Jet Measurements 20 
2.4.1 Setup 20 
2.4.2 Absorption Results 25 
2.4.3 Interferometer/Langmuir Probe 
Results at 
2.5 Transient Interferometric and 
Absorption Measurements 34 
229.) “Setup 34 
fad.e Results cP 


2.5.3 Concurrently Time-Varying a and Np 43 


CHAPTER III : THOMSON SCATTERING 46 
3.1 Introduction 46 
3.2 Theory 48 


3.2.1 Scattering From a Collisionless 


Maxwellian Plasma 48 
3.2.2 Collision-Dominated Scattering 56 
3.2.3 Enhanced Thomson Scattering 6] 


vi 


fe 








sa $3 
ztnamerue6aM adut doodz e8 
adnaneryepaM tel eae 8 

quest TAS 

at fueafl narsqroedA g.8.8 

sdoil +tomgelvatemorstyiiaT £.4,5 
brig aivtemosataszal Shatanet 2.§ 

atnome zs noriquocd®. 

quisz f.2.8 

ajtveeh &.2.8 


qt bre 2 pnivs¥-smrT yftaerwone? £.2.3 . 


notgouper3n? = 1.€ 


yiosdT $.6 


+29 sist Qe 


Ce 





CHAPTER IV 


CHAPTER V 


REFERENCES 
APPENDIX I 
APPENDIX II 


.3 Thomson Scattering From a Low Density 


Plasma 
3.3.1 Setup 


3.3.2 Results and Discussion 


-4 High «a, Collision-Dominated Thomson 


Scattering Measurements 
3.4.1 Setup 


3.4.2 Results and Discussion 


.5 High a, Enhanced Thomson Scattering 


320. Le eLuD 


3.5.2 Results and Discussion 


PLASMA PERTURBATION BY ABSORPTION OF 


10.6n RADIATION 


4. 
4. 


1 Introduction 
2 Measurement of Shock Energy Released 
4.2.1 Setup 


4.2.2 Results and Discussion 


.3 Measurement of Enhanced Emission 


4.3.1 Setup 


4.3.2 Results and Discussion 


SUMMARY AND CONCLUSION 


Vii 


Page 


66 
66 
70 


71 
7] 
74 
78 
78 
80 


85 
85 
86 
86 
88 
94 
94 
96 
102 
106 
109 
120 


apn64 


















= 


~~ 7 2 _ = on 
\iens woj & mond pnivettese noanedT £.6 
Se ee 


03 eeesl? 
aa qute2 1,£,€6 
Of notezuoetd bas 2ifuesh §.£.€ : 
ioamon? baseqtmed-nofetifod ,o# ApTH Pt it) 
a f 2ynanswesa” onfradi6s2 
2 7 


a aygo2 [.8.€ ~ 


At norzzuoett) baa avfyeah S.b.e 
RY pniveasr6s2 noemenT bysnsind .o doth 2.& 
ST Guiez [.2.t 
0 noteeusero bas etluesh %$.¢.£ 
‘ on 7) i UTS AM2A 19 : 
WOITAIGAR vA. Of 
+t iF 
eoissuborvial ,% 7 
gn3 i 2 70 Ineferwesal $.5 
] 
quis¢ 1.3.8 ; ¥ 
_ 
wre2voe’ bas eituedh &.S 4 
a notecind bsoasans Yo toamewess® £4 


quise [.£.8 






sofezvo2tfi bas effuzoAh S.E.8 


WOL2USIWND GWA YR: 





eT ie. = 


ae pean 






FIGURE 2. 


ra hipe 


ell 


LIST OF FIGURES 


Page 
Experimental setup for absorption 
measurements using an electromagnetic 
shock tube = 
Typical absorption signal in the shock 
tube experiment 18 
Electron density vs mach number 19 
Experimental setup for absorption 
measurements using a plasma jet 2] 
Experimental setup for interferometric 
and Langmuir probe measurements in a 
plasma jet 23 
Electrical circuit of the Langmuir probe 24 
Variables describing light ray passage 
through the jet 27 
Electron density vs radius from 
absorption measurements 29 
Electron density vs height from 
absorption measurements 30 
Electron density vs radius from probe 
measurements 32 
Experimental setup for simultaneous 
absorption and interferometry 35 


viii 





ag6% wep? eee? A 
nofiqvozds To? quase fsanemtvaqe3 san 
oroengomantaate tb Sv AERO, : 
ar sd? soode 
yoode silf ni fenpte notiqweds TsoiqyT &.$ 
af titemiegxs sdud 
ef redimun doom ev uttenab nortoaf3 €.$ 
Aattqvozds vo? qets2 lefnomtisqxd $8 
rs te], snzslq & Onteu adnsmeiuesom 


aintomovstisant yo? qavse Letasaiisqxd 2.8 

s at 2?nometuebsm sdovq a fompasd tas 

ES Se ste 
$s sdoig Vtumonid aft to floats isaiygoeta, | a3 
$pp22sq yet Jilptl antdPioaab eal dstva¥ ‘.$ 


vs Sst. edt deuordt 
novt 2utbet 2y \stensb novtoala 8.8 
QS 2Insiewssen norIGgioxds 


mort tieiat ev qi heash newosls &.$ 





FIGURE 


FIGURE 


ore 


“i oS 


14 


Typical absorption and interference 
Signals in the laser spark 

Temporal electron density and 

temperature in the laser spark 

Reciprocal electron density in the 

laser spark 

Two-detector Mach-Zehnder interferometer 
The function W(x) 

The function P(x) 

The function ry(x) 

Experimental setup for Thomson scattering 
from a low-density plasma 

Experimental setup for Thomson scattering 
from a collision-dominated plasma 
Fabry-Perot resolution characteristics 
for a plate spacing of 10 cm 

Fabry-Perot interferograms (a) noise and 
background, (b) Thomson scattering 
Experimental setup for enhanced Thomson 
scattering — 

Experimental setup for jet perturbation 
measurements using a piezoprobe 

Shock energy released vs incident laser 
energy 

Incident laser energy vs average electron 


density 


Page 


38 


4) 


42 


44 


aya 


54 


60 


67 


72 


76 


77 


79 


87 


89 


93 


he 


$¢ 


he 


038 


0 


S\ 


ay 


+h) 





a a _ = a 


“sveqz Teaet oilt nt zfenphe 
bon vthensh movtoote: Fesognst 
pinge toes? anf ab smaanagmed 

att nt ytienab noviosts fsooigtosl 

dunqe veeet 

vstomorstyeant wbaisi-tge" vorsedeb-owT 
(x)W notiony? sdT 

(x) 1 norsonut ett 

(apt nottaqut BAT 

onivatisz2 noemonT YO? quése TananPregxs 
vemzete. yiiensb-wo) 5 mort 


prtvetisoe noemotT sot qusec (ndnanitegnd . 


anesiy bstsntmob=qofeit fos 5 meaty 
20ttetraijerers pot iToesy Jovseyrde 
mo Of ¥o potcore stat ‘6 “107 

bas seron (5) amevpowsrretnt. JovetcndeF 
privatzese moemod? (4) -bavowiasd 
noemorit baanaina iO quise Tadnamivagnd 


a 
e + i i 
a . J 
: 





3.8 

1.8 sauelt 
$.£ 

£2 

be 


2% 
3,é 
v4 


&.E 


4.4 


4.5 


4.6 


FIGURE A2.1 


Experimental setup for enhanced plasma 
emission measurements 

Enhanced plasma emission vs input laser 
energy 

Interaction volume of TEA laser and 
plasma jet 

Fabry-Perot resolution characteristics 


as a function of plate spacing 


Page 


95 


98 


th) 


123 


a 
bLeaiesbes 


a 7 o? mee wer eae? 








CHAPTER I 


INTRODUCTION 


Interferometry and Thomson scattering have been well 
established as plasma diagnostics at wavelengths of 0.5 to 0.7n. 

On the other hand, measurements using inverse bremsstrahlung absorption 
in this range of wavelengths have been restricted to situations of 

very high electron density such as metal blowoff plasmas; attenuation 
of this radiation at lower densities is totally negligible. Much 
interest exists in these methods for several reasons. 

Good temporal resolution of < 10ns can be obtained by using 
available pulsed lasers and detectors, and is often required to 
determine parameters in a transient plasma. Since high frequency 
radiation does not couple strongly to other than very dense plasmas, 
perturbations are usually small. Unlike other diagnostic techniques 
such as electric and magnetic probes, the actual setup is physically 
remote from the plasma and thus problems of contamination and 
component temperature stresses are generally not important. 

Interferometrically measured fringe shifts vary as Na and 
directly yield the electron density for a laser frequency w much 
larger than the electron plasma frequency w a In addition, absorption 
via inverse bremsstrahlung varies as mien and therefore ie can 
be calculated if No is known. Thus combined use of absorption and 


interferometry for w >> w,. will explicitly determine No and pe It 


pe 
can also be seen that sensitive measurement of low density plasmas 
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utilizing a simple experimental arrangement requires use of long 
wavelengths. In general, measured fringe shifts and transmission 
are results integrated through the plasma, thus only spatially 
averaged electron density and temperature are obtained. However, 
most plasmas have cylindrical symmetry and therefore these results 
can be Abel unfolded to determine the spatial variations. 

A much more informative diagnostic is Thomson scattering. 
Spatial resolution is excellent since this is in fact only limited by 
the collection optical system. In addition, several parameters such 


asrnspeniral 


aperesal 3 Tas electron distribution functions and magnetic field 


can be determined from relatively few measurements. 
On the other hand, scattered signals are quite small (cross 


ao i 


section ~ 10. m?) and considerable effort is often required to 


reduce noise and stray light to acceptable levels. Even with available 
high power lasers, this presently limits measurements to fies 10/8 cm73, 
Thus these two methods of probing plasmas have quite different 
but useful applications. Often only a macroscopic electron density 
and temperature is sought and therefore interferometry and absorption 
would suffice. In this case the experimental setup is quite straight- 
forward and requires a minimum of specialized equipment; results can 
be obtained fairly quickly. 
Alternatively, Thomson scattering is more applicable should 
detailed microscopic information be desired. However this usually 
requires spectral dispersion, maximum detection capability and 


sophisticated signal-to-noise improvement equipment. In addition, 


stray light problems have to be solved empirically. 
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Considerable interest in using 10.6u radiation from C0, 
lasers to do these measurements exists for several reasons. 
Substantially more absorption and optical path difference are obtained 
by using this long wavelength and thus lower density plasmas are able 
to be probed. For Thomson scattering from low density plasmas 


(n, % i0!4 cm” 3) 


such as would be used in steady-state fusion reactors, 
10u radiation is desirable since fairly large scattering angles can 

be used to obtain an optimal scattering parameter av 1. This in 

turn results in a substantially decreased resolving power required 

for spectral analysis. 

For dense plasmas, very high a Thomson scattering is available 
which enables relatively long wavelength coherent density fluctuations 
to be measured. In particular, wavelengths longer than particle mean 
free paths can be used in a quantitative investigation of collisional 
processes in plasmas. 

Although various types of lasers may be used to secure these 
long wavelength features, the most practical choice is the C0., laser 
from which very high powers can be obtained both continuously and 
pulsed. 

The purpose of this thesis has been to experimentally 
establish interferometry, absorption and Thomson scattering of CO, 
laser radiation as reliable plasma diagnostic techniques. 

Chapter II first summarizes the theoretical absorption and 
dispersion of high frequency radiation in unmagnetized Maxwellian 
plasmas. Experimentally, an electromagnetic shock tube with known 
electron density and temperature has been used to quantitatively verify 


the inverse bremsstrahlung absorption coefficient at > = 10u. 
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For partially ionized plasmas, absorption can be used to 
Spatially resolve the electron density since in this case the 


8) Such 


electron temperature is essentially constant (n, ay ie 
measurements were done using an argon plasma jet. 
Langmuir probes are also a valuable diagnostic and have 
been well established for fully-ionized collisionless plasmas. In 
order to experimentally verify the theory of convection-limited ion 
current in high density collisional plasmas, the electron density in 
a plasma jet has been measured using both a C0, laser interferometer 
and a Langmuir probe. 
Finally, a new technique employing simultaneous interferometry 
and absorption has been used to temporally measure both Ne and 
be in the afterglow of a transient laser-produced plasma. 
Chapter III describes experiments undertaken to measure 
three limiting cases of Thomson scattering. The first was collisionless 


scattering from a low density (» 5x10!9 cm7?) hollow cathode discharge. 


Secondly, a high density (~ ox10!/ cm™) 


argon plasma jet was used for 
observation of a collision-dominated scattered spectrum. Finally, 
measurements were made of Thomson scattering from non-thermal density 
fluctuations in a turbulent laser-produced plasma. A TEA C0, laser 
was chosen to produce the plasma in order to induce fluctuations with 
long wavelengths (~ 10y). 

Chapter IV discusses practical limits of CO, laser power 
for diagnostic purposes above which large plasma perturbations are 


caused. Experimental thresholds for TEA CO, laser radiation focused 


into a plasma jet have been measured using both shock energy released 
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CHAPTER II 


INTERFEROMETRY AND ABSORPTION 


2.1 Introduction 


Plasma diagnostics using interferometry and inverse 
bremsstrahlung absorption of C0. laser radiation are presented. The 
absorption coefficient was experimentally verified for 1 eV plasmas 
using an electromagnetic shock tube. Subsequent use of the absorption 
technique to obtain electron density profiles in an argon plasma jet 
is reported. 

Since Langmuir probes can also be very useful for measuring 
plasma density, quantitative verification of the convection-dependent, 
flowing plasma probe theory has been done using the jet and a Mach- 
Zehnder interferometer at 10.6u. Radial electron density profiles have 
also been obtained using the probe and are in agreement with those 
obtained from the absorption measurements. 


The use of CO, laser radiation in simultaneous interferometry 


2 
and absorption measurements for temporal resolution of electron density 
and temperature in transient plasmas has been investigated in the decay 
of a laser spark in argon. These results have been used to calculate 


the recombination coefficient for argon. 
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2.2 Theory 


The nature of propagation of transverse electromagnetic 
waves in plasmas is obtained by solving Maxwell's equations, allowing 


for the non-zero conductivity due to charged particles. Plane wave 


solutions of the form ved ce 


satisfy the dispersion relation 


in an isotropic unmagnetized plasma 


2 2 
ee ne on 
2 W co 


(®:; 


where o = conductivity due to the charged free particles, n = refractive 
index, and e = dielectric constant which includes both bound electron 
polarizability and absorption. 

In general ce and o are complex quantities. The refractive 
index is thus 


no = {(ep - = a1) + i(e, + = op)} 2.2 


where R and I denote the real and imaginary parts. 

For interferometric and absorption measurements, appreciable 
transmission of the wave through the plasma is required. Hence only 
radiation of sufficiently high frequency can be utilized. In this 


case n, << 1 and w > w,. such that the refractive index can be approximated 


pe 
by 


Roe 
ee eect Be 
E, - Oo 
R WwW I 
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The condition w > “ne results in a positive quantity under the root 


sign. 
In the experiments performed, bound electron effects were 


negligible. To this end the dielectric constant can be taken as 


e. = 4,.such that 


An approximation to o can be obtained from a two fluid model. 


The current density is given by 
j= -en.v 2.5 


where ne = electron density and V, = wave induced electron velocity. 
A negligible ion contribution has been taken because of the large ion- 
electron mass ratio. The induced velocity is obtained from 


dv eE 
dtwec ame 2 hee 2.6 


pte = > mW Toy Ed 


where E = wave electric field, w = wave frequency and ve is the 
effective collision frequency of the electrons representing the 


dissipation. Thus 
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For w > wpe? low absorption cases correspond to 
(see eqn. 2.4) and thus to w >> Ve: In this limit, the conductivity 


is given to first order by 


2 
i ee 
Dinan ater (vtiw) 2.9 
WwW 
whereby from eqn. 2.4 
2 2 
PGE ve" ne 
nw -+F+i—Sf— - 2.10 
wW we 
20° - 8 
Ww 


Thus for high frequencies, Np depends only on the electron density. 
The detailed absorption requires further calculation of the 
effective electron collision frequency for high frequency waves. A 
(1) 


linearized Vlasov treatment is presented by Dawson and Oberman* °. 


Their result includes collective plasma oscillations and for w >> w 
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= 
Ven =/— = electron thermal speed, y = 0.577 = Euler's constant, and 
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1 Ze? 
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max  MVen 


is the classical minimum impact parameter. 


An explicit absorption constant can then be obtained by noting 
-ny(E-r)u/e ing(é-r)w/c 
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~ik. 
ker P 


that the wave propagates according to e 


whereby the power absorption coefficient is given by 
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Thus the Dawson and Oberman result implies 
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Quantum mechanical calculations of the absorption coefficient 
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in Maxwellian plasmas are outlined by Shkarofsky et al , who give 
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where G is the averaged Gaunt factor. For 10.6y radiation and 


ne 1 eV, fw/KT << 1, hence 


a7 





eeaid 57x 10s 
where n, = Cis yal 2e=,.eV Air microns and where 1.4 < G < 2.9 for 
T< T, < 10 eV. This result is larger than that of Dawson and Oberman 
by 10% at ie = 10 eV and by a factor of » 4.6 at 1 eV. The disparity 
is attributable to assumptions by Dawson and Oberman which become 
invalid at low temperature. 

Since no theoretical models have been exactly solved, the 
absorption constant of a singly ionized argon plasma with accurately 
known Ne and Ts was experimentally measured as described later in this 
chapter. The results indicate that 
Ee? 
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37> cm 2.18 
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(microns, cm7°," eV) for 1 Sele BV. Mages 5x10 !°cm=3 


and Z = 1. Note that 
thie sathea result of eqnie. 1%, Lt G is set equal to l. 

It is of interest to calculate Ve in eqn. 2.10 from this 
value of a. Using a = énjw/c gives 
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sec for which eas ~ 6x10 


1.1x10 ~ cm “eV and w = 1.78x10 V2 
sec’!, Thus expansion of the conductivity (eqn. 2.9) for Ve << w was 
indeed valid. 
In an interferometer, the number of fringe shifts due to an 
optical path difference caused by the plasma is 
n= gues Lise Bev 


where L = path of the beam through the plasma and \ = wavelength in 
the absence of the plasma. Similarly for absorption, the relative 
transmission is 


pares ye hla of De 


aie 


For w >> We? Np-l én, (eqn. 2.10) and a» —3/2 (ean. 217) thas 
use Of long wavelengths offers the most accurate measurements as well 
as the capability to probe lower density, higher temperature plasmas. 
In addition, combined use of interferometry and absorption yields 
both No and Li elie explicitly from the fringe shifts which 
subsequently allows calculation of US from the absorption. However, 
ijt can be seen that only an average density and temperature are obtained 
from such measurements . Additional information about the plasma geometry 
is needed in order to calculate the spatial variations. 

The results of eqns. 2.10 and 2.17 apply only to cases of 
dominant free electron contributions. Ionic and atomic polarizability 


has been neglected (ep = 1). This assumption is valid for the ions 
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Since there are at least as many free electrons. On the other hand, 
a large neutral concentration can lead to complete masking of the 
electronic component, whereby sensitive interferometric measurements 
in very weakly ionized plasmas may not be possible. This problem may 
be lessened by choosing w closer to Woe but then excessive beam 
refraction due to density gradients may occur. 

The absorption constant given here is only that due to free- 
free electron transitions in the fields of ions. However, at 10.6u, 
the bound-bound and bound-free (ionization) transitions are from highly 
excited ionic or atomic states. The density of such states in 
Substantially ionized gases is much less than the electron density and 
hence the contribution to the absorption by these transitions is 
negligible compared to that of the free electrons. 

In addition, if the plasma is only partly ionized, inverse 
bremsstrahlung due to electron-neutral collisions must also be considered. 
However, for plasmas of eV temperatures, electron-ion collisions 


(3). 


dominate the absorption for degrees of ionization >1% This can 
also be checked experimentally by noting whether a varies as né 
(characteristic of electron-ion interaction) or as No (characteristic of 
electron-neutral interaction). 

Thus in substantially ionized (>1%) plasmas with eV 
temperatures,’ the propagation of CO, laser radiation is essentially 


described by eqns. 2.10 and 2.17 which depend only on 1 and Ts Plasmas 


in this regime were used in the following experiments. 


2.3 Shock Tube Measurements 


The use of an electromagnetic shock tube for determining the 
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absorption coefficient was doubly advantageous. Firstly, it is known 
that the plasma obtained is quite reproducible and has No and Us that 
are accurately predicted from the Rankine-Hugoniot and Saha relations. 
Secondly, these parameters are essentially constant across the shock 
tube diameter. This absence of gradients eliminates spatial unfolding 
of the results. 

Fig. 2.1 shows the experimental setup used. The shock tube (4) 
had a diameter of 2" and utilized helium as the driver gas. The 
downstream section was evacuated and backfilled with 1 Torr of argon 
for each shot. Measurements were done ~20 diameters (96 cm) from the 
mylar diaphragm thus assuring proper shock structure at this point. The 
two sodium chloride windows were mounted 3 1/2" back from the centre 
of the tube in order to prevent excessive condensation of vaporized 
material on them. 


(5) 


A low-pressure sealed-off CO, laser was used. A continuous 
output power of v 2W in a beam of ~ 2mm diameter at a wavelength of 
9.4u (00°1 - 02°0 transition band) was obtained. The radiation was 
focused into the plasma with this point being re-imaged onto a gold- 
doped germanium detector so that any negative lens effect of the plasma 
could be compensated for. Detection response time was reduced to that 
of the detector itself (<100ns) by terminating in a 1002 load. This 
was quite adequate for these measurements. 

The ionizing shock front passing through the test section 
emitted substantial broadband bremsstrahlung into the optical system. 


Since these dectectors are sensitive over a bandwidth ~5y of infra-red as 


well as in the visible, a 9.4y bandpass filter (B.P. = .52u) was used 
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to limit the spectrally integrated radiation seen. Further reduction 
of the visible radiation was achieved by finely roughening the NaCl 
windows. Separate measurements indicated that 10u light was relatively 
unaffected by this while that from a He-Ne laser was effectively 
scattered over 4m sr. 

A piezoelectric pressure transducer located 7.5 cm upstream 
from the laser beam was used to trigger the oscilloscope. This allowed 
calculation of the shock mach number from the delay time of the 
observed absorption. 

An absolute reference power level was obtained by chopping 
the radiation just prior to each firing of the shock tube. That this 
remained constant throughout the shot was monitored on a second 
detector viewing a continuouslychopped fraction of the beam. The laser 
output was found to slowly vary over a period of several minutes. 

Initial alignment of the optical system was done using a He-Ne 
laser. Irises were placed as.shown so that the C0, laser beam could be 
adjusted to follow the same path. These were subsequently opened to a 
3mm aperture for the measurements. Results of integrated absorption 
were obtained for mach numbers in the range 15-18 into 1 Torr of argon 
by varying the capacitor back voltage. 

The electron density and temperature were calculated from 


"e 2.22 
Nie 0 G7) N91 . 


where Noy = neutral density of the unshocked gas, To = equilibrium 


temperature behind the shock, Po/04 = density ratio across the shock and 
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a. = fractional ionization in the shocked gas. Numerically calculated 
curves, uSing the Rankine-Hugoniot and Saha relations, of Oss Po/Py> 
To/Ty versus mach number M in argon as presented by Mikoshiba (©) were 
used. As mentioned, M was experimentally determined from the piezo- 


electric probe: 





7.5cm 
M = tc. 2.e3 
where t = time delay of the absorption signal on the scope and Cc) = 319 
m/sec = sound speed in argon at 25°C. For M = 15-18, no 3x10 !§_gx19!6 


cm73 and re 1 eV. 


Since the diameter of the focused laser light was much less 
than that of the shock tube (D ~ 5cm), the transmission is given by 


(see eqns. 2.17 and 2.21) 


ene. 
aT eo 
a7 60) 2.24 


2 


T = exp -{1.57x10- 


where flu << KT, has been taken. For M < 50, the plasma obtained is only 
singly ionized, hence Z = 1. The purpose of these measurements was to 
obtain an accurate numerical value for G. Observed transmissions were 
in the range 7-40%. 

A typical absorption signal is shown in Fig. 2.2 for M = 20. 
Note that an increase in radiation corresponds to a negative trace 
deflection. Comparison of measured absorptions with those predicted by 
the known No and gave G = 1 as the appropriate Gaunt factor. 

For M = 15-18, the plasma was not fully ionized (a. v 0.1-0.3) 


and hence the temperature variations were small (110%). Thus it is of 
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Typical absorption signal in the shock tube 
experiment. 
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sufficient accuracy to use the temperature predicted by the shock 
relations to calculate Ne from the measured transmission (taking G = 1). 

This n, versus M is plotted in Fig. 2.3 along with the shock 
predicted values. The error bars correspond to individual shot 
variations. It can be seen that agreement is good in view of the 
strong dependence of n, on M, whereby small uncertainties in M (mostly 
oscilloscope time errors) would account for the discrepancies. 

Evidently the electron-neutral inverse bremsstrahlung 
contribution was negligible since a complete nf dependence was found 
even at M = 15 where the plasma was only 10% ionized. 

These results demonstrate the absorption technique to be 
Simple and reliable, and to have good temporal resolution. It is quite 
apparent that G = 1 is the appropriate Gaunt factor for C0, laser 


16° 3 


radiation in plasmas with " * Sx10> cme and am ~ 1 eV. 


2.4 Plasma Jet Measurements 


eye le SEUUp 


The setup used in the absorption measurements is shown in 


(7) 


Fig. 2.4. A standard argon plasma jet was utilized. 

The CO, laser was that used in the shock tube measurements 
with the exception that here the wavelength was 10.6u. The 2W 
continuous beam was focused into the plasma (focal spot size = 0.4 mm) 
and then re-imaged onto the Ge:Au detector to eliminate the negative 


refraction by the plasma. Constant relative absorption as a function 


of input iris aperture size was obtained implying adequate compensation. 
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Typically 0.5° shift of the beam was observed. A long-wavelength cut-on 
filter was used to reduce the plasma emission seen by the detector. 

Synchronous detection using a P.A.R. HR-8 lock-in amplifier 
provided a good signal-to-noise ratio as well as temporal averaging. 
Modulation of the laser beam was done using a chopper wheel with a 
photoelectric pickup to provide a frequency reference for the lock-in 
amplifier. 

Measurements of transmission were done both as a function of 
radial position 7.5mm above the anode and as a function of axial 
position from 3-12mm above the anode. This was done simply by 
translating the jet horizontally and vertically across the focused probe 
beam. 

The jet was operated at a current of 300 Amp. and an argon flow 
rate of 80cc/sec (N.T.P.). 

Further density measurements were done using a swept Langmuir 
probe, quantitatively calibrated using a Mach-Zehnder interferometer as 
Shown in Fig. 2.5. 

The output beam of the C0, laser was three-fold expanded to 
~ 6mm diameter using two NaCl lenses in order to obtain a large area of 
background fringes to which shifts due to the plasma (~ 3mm diameter) 
could be referenced. This provided for viewing of the complete extent 
of the jet. ‘ 

The beam splitters were NaCl substrates with a 10% reflecting 
coating on one surface and an anti-reflection coating on the other. 

An additional lens at the output of the interferometer further 


expanded the beam so a large display of fringes could be obtained. 
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Irising eliminated copious amounts of visible light. 

A film of encapsulated liquid crystal on a mylar sheet 
(Edmund Scientific Co.) was used for detection of the radiation. Blue 
fringes due to local heating were obtained on a room-temperature green 
background. 

In addition, the Langmuir probe lcm long was scanned radially 
through the jet at a speed of 10 m/sec by a small motor. Radial 
dependence of the collected ion current was thus obtained from the 
temporal oscilloscope measurements. The probe circuit is shown in Fig. 
(ag oR 

With the jet off and probe stationary over the anode, a probe 
image was obtained on the fringe pattern at the viewing screen. Thus 
interferometrically and probe determined densities could be compared at 
the exact same axial position. 

These calibration measurements were done lcm above the anode 
with jet operating conditions of 100 Amp. and flow rate of 80 cc/sec 
in order to obtain a distinct shifted pattern of fringes. Further 
results using only the probe were obtained at the same height and 
operating conditions used in the absorption measurements. 

A glass-clad probe 0.625mm long was later used for comparison 
with the unfolded results of the long probe. These long and short 


probes were constructed of 0.250 and 0.375mm diameter wire respectively. 


2.4.2 Absorption Results 


From eqn. 2.18, the absorption constant for A = 10.6y is 
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where ie cm? and ve = eV are both functions of position. In the 
argon plasma jet ie ~ 1.2 eV such that Tiw <<KT,» 

Since the jet is symmetrical about its axis, ne and i: are 
functions only of height h above the anode and radial distance r. Thus 
for a ray of light passing radially through the jet (h = constant) as 


shown in Fig. 2.7, the transmission is 


r 
iy) atexpiae ie o{r)jr dry 2.26 
V2 y2 
where y = chord distance and bas effective plasma radius. The ray 
trajectory has been assumed a straight line in view of the maximum 
observed total deflection of 0.5°. Thus the integrated absorption 


constant <a> is 


r 
<al>e= 2 ig BLPJERET. on T(y) 2.27 
V2 ye 
; , (8) 
which can be Abel inverted 
y 
alr) se 1,0 CS cg LY © a 2.28 


a Nae 
5 ae 


In terms of the measured quantity 1; 


a(r) = 1,0 CHIRP ee hc 9.29 


Transmission data were taken for increments of 0.1mm in y. 
Identical values for positive and negative y reassured the assumption of 


plasma symmetry. These were unfolded according to eqn. 2.29 to obtain 
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a(r). 

It is reasonable to assume that electron temperature scales 
with ion temperature since the latter is quite flat from the axis to 
the boundary region. Profiles of spectroscopically measured ion 


(9) 


temperature were used to describe ace e The axial T,(0) was taken 
as 1.2 eV. The radial profile of n, was then calculated from eqn. 2.25 
and unfolded a(r). 

Fig. 2.8 shows this result along with that obtained by 
detailed interferometric measurements of Kei Imann‘!9) | Both No and r 
have been normalized to the axial density and plasma radius respectively 


for purposes of direct comparison. The absolute density of 2.4x10!/ cm”? 


'7 om™3 obtained by 


obtained here is in reasonable agreement with 1.4x10 
Keilmann. 

This variance as well as that in the effective radius ry can 
be accounted for by the different construction and operation of each jet. 
In particular the jet used here had both a lower flow rate and a smaller 
anode orifice. 

On the other hand, closer agreement in the shapes of the 
density profiles is expected since these are not critically dependent on 
the above mentioned jet parameters. The normalized profiles of Fig. 2.8 
thus show that the absorption measurements do in fact give the plasma 
density fairly well. The substantial difference at large radii may be 
partly attributed to the finite size of the focused radiation whereby 
only part of the probe beam intercepts the plasma. 

Axial transmission measurements (y = 0) were done from 3-12mm 
above the anode at a jet current of 300 Amp. and flow rate of 80 cc/sec. 
The unfolded axial density, normalized to its extrapolated value at 


2.5mm is shown in Fig. 2.9. These results indicate a fairly linear 
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Electron density vs radius in the jet determined 
from absorption measurements compared with the 
results of Keilmann. 
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3] 


density falloff with height from 3-12mm. Keilmann has also obtained 


a similar profile. An absolute value of n, (3mm ) = 3. 2x10!/ m7? was 


obtained from these measurements. The value of n(2.5mm) = 3.3x10!7 on7? 


was used in the normalization. 


2.43 Interferometer/Langmuir Probe Results 


For the collision dominated plasma jet, the ion current I. 
to the probe is predicted by convection dependent theory in flowing 


(11) 


plasmas which gives 


1/4 
1 
1, = 5.3(e¢ sr pv ane) ylley 


F ek. Se Utes) 2.30 


where as permitivity of free space, e = electronic charge, ae ionic 
mobility, ve flow velocity of the plasma relative to the probe, 

a = probe radius, V = probe bias, and & = probe length. This result 
applies to a long cylindrical probe with the plasma flow perpendicular 
COs t5.0%15% 

The plasma velocity (in the lab frame) can be calculated from 
the volume flow of heated gas through the anode orifice. An effective 
temperature was taken as 9500°K corresponding to the typical ion and 
neutral temperature 7.5mm above the anode. From the orifice diameter 
of 4.5mm and cold flow rate of 80 cc/sec, Vy ~ 150 m/sec. The appropriate 
Ve is the vector sum of the probe velocity and the plasma velocity, but 


Since the latter is much greater it is sufficient to take Ve Vy" 


Including ae 50 cm@/volt-sec and rh = 0.125mm gives 
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ee 2.8x107 in /Ayl/ey 2.31 


for I = amps, Se cm™?, Vi= volts, & = cm. 


This result applies to homogeneous plasmas. For the long 


probe in the jet, the total current is approximated by 


r, = Apxtg vl? 7 n 7/4 (aja 2.32 
where integration is through the full extent of the jet. This is 
reasonable since the scale length of substantial parameter variations 
is larger than the probe radius. A constant flow velocity has been 
assumed since this varies only linearly with temperature whereas 

N 


nw 7 


A (N >> 1) for partially ionized plasmas. 


As with the absorption result of eqn. 2.27 


14)1/2y "0 Me inde ar 
I. (y) = 2(2.8x10 “V ‘")s © ———— pas 
y Vp eave 
which upon Abel inversion becomes 
Y cay) 
peat = ape ee ae - alt eee ey 
m(2.8x10  “V"-) Veo? 


This was used to calculate n_(r) from the oscillograms 


e 
obtained at h = 7.5mm with a jet current of 300 Amp. The additional 
short probe (2 = .625mm) was used to eliminate the unfolding process. 
Eqn. 2.31 was applied directly in this case. 

Normalized results of both the long and short probes have 


been plotted in Fig. 2.10. Good agreement at small radii can be seen. 


It is interesting to note that the long probe results closely correspond 
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Ficeti. 10 Electron density vs radius in the jet determined 
from probe measurements. 
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to the previous absorption measurements (Fig. 2.8) for all r/Yo: Thus 
the density in this particular jet appears to have a profile resembling 
that obtained with the long probe. Calculation shows that inclusion of 
a finite size for both the probe and the focused laser light would give 
values only 10-15% lower than those plotted. 

The short probe result is expected to underestimate the 
density at large radii since a fixed length had been taken. Near the 
plasma boundary however, the effective intersection of probe and plasma 
is somewhat shorter. In addition, collection of current at the end of 
the probe has been neglected. 

The peak axial density obtained from the long probe was 


2.1x10!7 cm7> V7 cm7 3, 


while the short probe gave 3.2x10 
Verification of the numerical validity of eqn. 2.30 was done 
at h = lcm and a jet current of 100 Amp. as previously mentioned. A 
corrected value of Vo = 130 m/sec corresponding to the lower temperature 
of 8000°K was used in this case. The Mach-Zehnder interferometer gave 


16 om73 while the long probe gave 5.1x10!© om73 


an axial density of 5.9x10 
under these conditions. 
Reasonable agreement of these results thus allows confidence 
to be placed in the probe-measured values. Evidently eqn. 2.30 can be 
used to good approximation even for short probes with lengths only 


marginally greater than their radii under conditions similar to those 


in the jet. 


(as) Transient Interferometric and Absorption Measurements 


Seal ee LUD 


This is shown in Fig. 2.11. Most of the details are the same 
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as in the jet measurements and are not repeated here. The plasma was 
the spark produced at the focus of a 0.25J pin-type TEA C0., laser‘ 12), 
This was created in a flow of argon gas just above an inoperative plasma 
jet. The axis of the spark was perpendicular to the probe radiation. 

The Mach-Zehnder interferometer was initially aligned using 
a liquid crystal viewing screen to permit visual observation of the 
fringes. This was subsequently replaced with a gold-doped germanium 
detector for the transient measurements. Loading of the detector to 1002 
gave adequate temporal resolution of < 100 ns. 

It is important that the interferometer be aligned to give a 
fringe separation larger than the detector size (1.5mm diameter here). 

A maximum of beat amplitude is therefore obtained. The liquid crystal 
was found most useful for this purpose. 

The 10.6u probe laser was expanded using two lenses as shown. 

A lens at the output of the interferometer imaged the plasma onto a Imm 
iris for substantial reduction of plasma emission and reflected TEA 
laser radiation seen by the detector. The viewing plane was placed 
beyond the iris in order to get a large fringe separation. 

Relative transmission through the plasma measured at this point 
was the same as that measured at the location of the iris, thus plasma 
refraction was not important in the results obtained. Attenuation was 
also found to*be independent of input beam diameter by varying the input 
iris aperture. 

Additional rejection of plasma emission was obtained by using 
a > 10u longpass filter. A removable chopper wheel was used for 
reference measurements of the unabsorbed radiation. The TEA laser was 


' focused at the centre of the probe beam using a 10cm focal length NaCl 
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lens. 
2.5.2 “Results 


Typical oscillograms obtained are shown in Fig. 2.12. A 
positive deflection represents absorption. With the reference arm of 
the interferometer blocked, only transient absorption (60%) is seen (a) 
while with both arms open, interference as well as absorption is 
detected (b). 

That the power at t » 60 us is larger than the quiesent 
value is the result of the detector not being at a position of maximum 
constructive interference with no plasma present. The large negative- 
going signal in the initial stage is due to reflection of TEA laser 
light into the viewing system. At these times large electron densities 
(Oe = ec) with large gradients are present. Consequently, only the 
results for t > 8 usec will be discussed. 

Earlier times could be investigated by using a 9.4u probe 
laser and a 9.4u bandpass filter. Increased sensitivity of Ge:Au 
detectors at this wavelength might also be an asset. Alternatively, 
for a 10.6 probe, a 9.4u TEA laser could be used. These options 
however, were not available with the lasers used here. It should be 
mentioned that at very early times, the large densities with sharp 
gradients give correspondingly large refractive index gradients whereby 
refraction of the probe beam itself by the plasma may become too severe. 

Only spatially averaged No and Hy were obtained since the 
resolution of the detection system was comparable to typical observed 


plasma diameters of < 2mm. For the calculations, an effective 
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thickness of 2mm was used. 

A actitaly constant absorption over the plasma duration 
(Fig. 2.12a) was found for this plasma. This enabled simple 
calculation of No and 1. Since time variations with the reference 
arm open (Fig. 2.12b) were determined solely by the fringe shifts. 
Cases where temporally varying absorption is also present is discussed 
in the next section. 


From eqn. 2.20, the fringe shifts 


<Anp>L 
fe Mle i 2235 
0 





where <Anp> = average change in refractive index. For L = 2mm and 
n < 7 here, <Anp> << 1 whereby np % 1. Thus the refractive index can 


be approximated by 


ae le 





where is = classical electron radius. Determination of i from the 


fringe shifts then follows from 


3 





2 7 - 
ie den : 7)[n| = 1.06x10°"|n| om “a ¥ 
0° 0 
for ee 10.6 and L = 2mm. 
The absorption constant was taken as 
Qe 2 
x = 1 6x1073° Mme eee 2.38 
‘ T 3/2 Tu/T, ? 
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. -3 
for di = microns, n, = cm and ie = eV, 
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The last factor (see eqn. 2.16) corrects for low temperatures in the 
late stages where ie +fw. G has been set equal to 1; a reasonable 
assumption since theoretical models ‘=? give G(T, = Tw) =1. For 10.6n 
radiation fw = 0.117 eV. 

Calculated average density and temperature using eqns. 2.37 
and 2.38 are shown in Fig. 2.13 as a function of time. Points were 
calculated at integral numbers of fringe shifts. 

These time-dependent results allow determination of the 
recombination coefficient. For prevailing three-body collisional- 


radiative decay, the density evolves according to 


where 8 = recombination coefficient and which has the solution 


] i ] 
rae = 1,(_ °° ™ 2.40 


A plot of measured reciprocal density versus time is given 


in Fig. 2.14. Two linear regions are obtained. For t = 8-13 usec, 


=13 ae | ~13 me cal 


el el ba) sec and for t = 13-30 usec, B = 1.4x10 sec 


The larger value for late times may be related to the lower temperature 
where increased collision frequencies are expected. 


Recombination thus is slower in argon than in helium for 


“12 aie -| 


which 6 = 6x10 sec has been obtained spectroscopically by 


(13), To verify this, helium was substituted for argon in 


George et al 
the setup of Fig. 2.11. The absorption-interference was found to be 


shorter lived by a factor of about 5, showing that the helium 
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recombination is indeed faster. Detailed measurements for helium were 
not possible here because of the large reflection of TEA laser radiation 
at early times. 

The foregoing results show that simultaneous C0, laser 
interferometry and absorption provide a convenient technique for temporal 
determination of density and temperature in transient, moderately dense 
plasmas. Use of the 9.4u/10.6u system previously mentioned to eliminate 
the TEA laser reflection problem would be a simple method for measuring 


recombination coefficients in different gases. 


2.5.3 Concurrently Time-Varying a and Np 


For a Mach-Zehnder interferometer, it is relatively simple to 
show that the power seen by a square-law detector at the output is given 


by 
eae ae Pl 2vP, PVT cos ($+AKp2) 2.41 


where Py = reference beam power, P, = jnitial power in the beam passing 
through the plasma of length £2 and transmission T, AKp = (np-1)u/c; and 
¢ = phase angle depending only on alignment of the optical system. For 
temporal ly oan No and Tg (slow compared to the reciprocal detector 
bandwidth) , AKp and T are functions of time. Ambiguity is obvious when 
both of these are changing at the same rate or if the transmission is 
oscillatory. 


However, this problem can be eliminated by using a two-detector 


arrangement as shown in Fig. 2.15. A third beam splitter allows the 
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second detector to see only the attenuation. This direct measure of 
T(t) can subsequently be used to calculate AKp(t) from the original 
detector output by eqn. 2.41 above. 

Thus with the use of two detectors, simultaneous interferometry 
and absorption is a general technique for temporal determination of both 


electron density and temperature. 
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CHAPTER III 


THOMSON SCATTERING 


3.1 Introduction 


Thomson scattering of laser radiation in the wavelength 
range 0.5 - 0.7 has been used extensively as a reliable plasma 


diagnostic. Experiments since the first theoretical descriptions 


(1,2,3) 


of the process have measured both cooperative and incoherent 


Scattered spectra from a variety of plasmas by utilizing chiefly 


ruby lasers for the high incident power required (cross-section 


~ 1072? cm”). 


In addition to thermal fluctuations, Thomson scattering has 


been observed from non-thermal fluctuations occurring in turbulent 


(4,5) and those induced by non-linear mixing of laser light 


(6) 


in Maxwellian plasmas*‘~’. 


plasmas 


Many of these experiments are summarized in a recent review 
paper by Evans and eee 
Cooperative spectra have been observed but only from plasmas 


of at least moderate density (>10!° cm7>). 


For lower density plasmas, 
use of short wavelengths (0.5 - 0.74) requires exceedingly small 
scattering angles and collection solid angles resulting in excessive 


stray light and detector noise problems. 


46 





ddonefevew ond nv nottetbss tees! Yo oritatseae nosmodT : 
smote afdstloy s 26 xfsviensdxe boew nasd 26dut.0 = 2,0 epnet 
enotsqhyaesb Tsotsenagnt tart? oft conte 2tnémineged .ofszenpstb— 
snevaioonr brs sv tiereqood dod batuassih saver (Sr eeosong att 0 | 
ultetdo parsilfiy vd zemestq 6 yisti6VG mei? s\taage bevedtsse 
natRg GT aebNS ber bance qawoq snsbfont Awet odd For er 
Sa or v 
zor parastiao2 noemonT ,2znoieutautt ferent oF notsiUbe pi ; 
qusfudyut nt prévi90 enohyeusoult fenriadt= -non mort paved teal 
ddotl +s2eal to pntxim tssatl-aen vd beoubnt seadd bas. 2 emeetg 
MP enneisty wot owe a 
wotvet tnoa91 6 nt bosi iste os ednsnittaqes geant Yo nal. | : 


Da iagenestey bas onava ya Yoqeg 








ae 


peter ie: Suid bevrsedo colt a 
ie 





47 


On the other hand, very few experiments utilizing CO, laser 
light (A = 10.6) for Thomson scattering have been reported’8+9+10) 
This long wavelength radiation is of much interest for cooperative 
scattering from low density plasmas since it enables large scattering 
angles to be used and requires less resolving power for spectral 
analysis. 

For high density plasmas, 10.6yn radiation establishes a highly 
cooperative Thomson scattering regime. In this case, the spectra of 
fluctuations with wavelengths much larger than collisional mean free 
paths can be obtained. Such measurements of collision-dominated scattering 
have not been previously reported using shorter wavelength radiation. 

In addition to the above mentioned thermal fluctuations, 10.6 
radiation can be used to probe long-wavelength non-thermal fluctuations 
such as those expected in C0. laser-produced plasmas. These measurements 
could prove very useful for a more complete understanding of the non- 
linear coupling of high power C0. laser radiation to plasmas which are 
of current interest in laser fusion. 

Three experiments utilizing C0. laser radiation for Thomson 
scattering are described here. The first experiment undertaken was to 
measure the mildly cooperative (a = 2) scattered spectrum from a low 
density (n, AY 5x10!3 om7?) hollow cathode discharge. In the second, a 
collision-dominated spectrum has been obtained by using a high density 
argon plasma jet. Finally, enhanced scattering of 10.6y radiation has 
been observed from a hydrogen plasma produced by a TEA C0, laser 
operating at A = 9.6n. 

Description of these experiments is first preceded by a summary 


of the pertinent Thomson scattering theory. 
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3.2 Theory 


3.2.1 Scattering from a Collisionless Maxwellian Plasma 


The detailed calculations of Thomson scattering from a 
collisionless Maxwellian plasma appear throughout the literature! 223), 
In the following, these results will be summarized in terms of standard 
tabulated functions. 

Thomson scattering is the re-radiation from charged particles 
accelerated by an incident high frequency electromagnetic wave. Thus 
scattering from ions is negligible compared to that of the much lighter 
electrons. 

For a plasma, contributions from the large number of electrons 


can be summed, accounting for time-varying spatial phase differences, 


into a general form 


dP. = N,o7 S(k,w)I dude oot 
where No = total number of electrons contributing to the 
scattering 
Or = rsin’g = Thomson cross-section for one electron 
is classical electron radius 
8 = angle between incident electric field and k. 
kK. = wavevector of scattered radiation 
k, = wavevector of incident radiation 
k = k, - k, = scattering wavevector 
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As incident wave frequency 
oe ee scattered wave frequency 
W = wo a 
S(k,w) = effective form factor 
i = incident wave intensity 
dP. = power scattered in a frequency band dw about We into 


a solid angle dg about k.. 


Experimentally, scattered light is usually collected from the full 
cross-section of incident radiation such that Na = nA and i = PO/A 
where fies electron density and vid = incident power. Thus in this case 


dP. = nor S(kyw)P tdudo Se2 
The form factor S(k,w), which accounts for the position and 
motion of all the electrons in the plasma, is the spatially and 


temporally Fourier transformed electron density autocorrelation function 





yi orb besa many aac te Pa 


ai = V Tox cou 
fre(tsting(rtestte drat 3sa 
where Nag = average electron density. 


The above results are quite general and describe the Thomson 
' scattered spectrum from any given plasma providing the autocorrelation 


of Ne is known. 
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For a collisionless Maxwellian plasma this can be calculated 
using linearized Vlasov equations for electrons and ions. Although 
ions do not appreciably scatter the incident radiation, they are 
electrostatically coupled to electrons and therefore also affect the 
scattered spectrum. 


In this case the form factor is given by 
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It should be noted that the factor e(k,w) = 1-G,-G. appearing in the 
denominator is simply the dielectric constant for electrostatic 


plasma waves with wavevector k and frequency w. Thus the scattering 


Gruss-seclion iss large tors VU. 
A further simplification of S is obtained by using a 


normalized frequency shift x and a scattering parameter a: 
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whereby both G, and G. can be rewritten in terms of a new function 





W(x): 
G = -atW(x.) 3.11 
e e 
Ty 2 
G = -7 7 1 W(x.) = pen fs 
with 
1 ca ee | ae 
W(x) = 1-2xe J e’ dp - iV xe Soe 
0 


being the evaluation of the singular Landau-type integrals. A plot of 


the real and imaginary parts of W is shown in Fig. 3.1. Thus 


Ta) 2 
14Z[ =] “W(x, ) 
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A useful approximation of Fe Dea e due to Salpeter?) can 
be made if the ion temperature does not exceed the electron temperature. 
Since dx, << dx. the first term is greater than the second only for 
X; >> 1 in which ace W(x) ~ W(o) = 0 may be taken. For values of 
Xi § ] the second term dominates and it is sufficiently accurate to 
set W(x) ~ W(0) = 1 in this case. Thus W(x.) can be neglected in the 
first term and W(x.) set equal to 1 in the second. With these 


approximations 














where each term is now independently a function of either X, OY X;. 


The similarity of these terms suggests definition of another 








function Pr: 
ox 
r(x) = 3.16 
a 4 2 
Vr {Ito Wx) 
such that 
9 2 
= Qa 
S(k,w)dw = 7 (x, )dx, + Z (= | T(x; dx; S Poe 
Qa 
where 













noo reteqte® oi aud 5x * 
susersanes sowdoals af besoxe fam 2 
107 vino baoree off nade 
to eoulay 407 nodes’ oeh-qam 


atid nit Gitssteie has iia des ah te a 
g2ornt ASIW .broose ony At Tod, pipe Joe (x04 baw 


Sx Sf 
“a ona 
eee 








oe oy ee 
: 7 


at. rie 
pk VO x endts ta noitanu? 6 “ignebnaqehar won 2h must tomionihe | 
vations to nottiniteb etzsgeue 2nvet sven to ystrel hate snT 





54 


o’e 


S°t 


*(uazadi_es uaz4e) 


0°% 


(x) 


im UOLZOUNY BY] 


xX 


C’l O'l 


¢ 


_~ Ashe 


S°0 





(x)? 7 a/ 


.(asesqise2? vats) (x) 7 nottonu®t sd7 S.t .pFF 





55 


Several plots of r for various values of a are shown in Fig. 3.2. 


Finally, integration of T over all x is given by 





] 
Tr (x)dx = 3.18 
ds : inne 


and thus the spectrally integrated form factor is 


2 
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which is simply a Doppler-broadened spectrum. Thus ie can be obtained 
directly from the linewidth (Aw » kv). Here scattering occurs from 
density fluctuations with wavelengths short compared to De (individual 
electrons); collective effects are negligible because of strong 


Landau damping (kA, >> 1). 


De 
On the other hand, for a >> 1 coherent plasma oscillations 
dominate the scattered spectrum. Electron satellites are obtained at 


a frequency shift 


3 V2 
iy Hp, [1 | 3.21 


a 


and have a width governed by Landau damping: 
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These satellites are therefore very narrow for large a. The electron 
density can be accurately found from the measurement of this shift 
Since absolute intensity calibration of the collection optics is not 
required as would be if the spectrally integrated scattering were used 
to determine No (see eqn. 3.2). However,as can be seen from eqn. 3.18 
only 1/202 of the total scattered power is contained in each satellite. 
The bulk of the scattered spectrum for a >> 1 is described 


by 
Sdkiiw)dactzoeZ rT (x; )dx, : $323 


The ion temperature can therefore be determined directly from a measurement 
of the width of this distinct ion feature (Aw ~ kv.). This width as does 
that of the electron satellites decreases with increasing a (Aw » kv. vu 
vi(aap,)7 |). It should be noted that since the shape of the scattered 
spectrum depends on 8, #4 can also be determined from spectral measurements 
FOr > oh. 

Experimentally, values of a 7 | are usually chosen for cooperative 


Thomson scattering since less spectral resolution is required than for 
very large a (see Fig. 3.2). 


3.2.2 Collision-Dominated Scattering 


The effects of collisions on the Thomson scattered spectrum 


from Maxwellian plasmas for the limiting cases of a << 1 and a >> 1 are 
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Cll ieeios 


discussed by Fejerciene Subsequent calculations have extended 


the theory for general a. The results of grewats!!) will be summarized 








here. 
In order to incorporate collisions, Fokker-Planck equations 
of the form 
q 
Coan 3 Fal Fe ote.) 
ot —=— or em = int oV 
Cr wee 
KAT cis. 
3 Be yi teen s 
Ye.i Ov v + mh Hie stone = 0 3.24 


are used for both electrons and ions. Here Ea local electrostatic 
field and v = effective collision frequency. Defining collisional 


parameters 





oe Lt hee oOo 3.25 
Eire KV i K mfp e,7 


the function W(x) (see eqn. 3.13) modified to include collisions becomes 
(e 4 * 
Wil cee i= ix F (x5) 3.26 


where 


F(x.) = J cd ox 15 [exo(-n3y) *Pay - fo 
j 2 ae 
0 j 
3.27 
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and * denotes the complex conjugate. 


The form factor can then be written as 


T 2 
roms Sa Dl © 
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S(k,w)dw = Re F(x.) — = 
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Taking the Salpeter approximation (x_ << x+) to be valid and pes pp 


e i? 








Re F(x) 
and r(x) = —-=>— 3,30 
T a W°(x)]° 





Thus in general, the Thomson scattered spectrum is characterized 
by a collisional parameter p = Sepeeaal in addition to the normal 
scattering parameter a = Coes 


In the limit of p>0 (v>0), 
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whereby eqns. 3.29 and 3.30 reduce to the previously discussed 


collisionless results. 


In the limit of p>», 


, 2p(1+2ipx) 
F(x) 75 3.63 
1+4p-x 


W(x) + 55 - i By 3.34 


whereby rtm) ob 4 Reel ek 3.35 





and S(k,w)dw ~ => 
14+4p° 2 


2p. xs 
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Thus collision-dominated Thomson scattering has a Lorentzian lineshape 
and spectral width that decreases with increasing values of p. 
Although the spectral shape is a function of p, the integrated 


scattering is independent of p: 





[rca aoe) , 3.38 
ae m lta 


which is the same result as for collisionless plasmas. 
For highly cooperative scattering (a >> 1), the scattered 


spectrum essentially consists of a dominant central ion feature 
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The transition of 8 from the collisionless to collision-dominated 
regime is shown in Fig. 3.3 for 8 = 1. As expected, collisional 
effects become quite important for p pals 
Large a scattering from a highly collisional plasma is therefore 
expected to show substantial narrowing of the central ion feature (by 
a factor of v 1.6 p.) along with disappearance of the ion acoustic 


resonances found for a collisionless plasma. In this case the scattered 


Spectrum is described by eqn. 3.37. 


3.2.3 Enhanced Thomson Scattering 


The previous two sections have dealt with Thomson scattering 
from thermal fluctuations. The specific case of scattering from 
fluctuations induced by non-linear mixing of two intense high frequency 
(w > Woe) electromagnetic waves in a plasma will be discussed here. 

It will be assumed that the plasma is collisionless and that 
no constant external magnetic field is present. Two monochromatic plane 


electromagnetic waves are considered: 
PET Wt) Ep cost ear 


By (rst) a Bio cos(ky o'r - wy at) 3.40 


The electron and ion distribution functions f(rovst) and f.(r,v5t) 


therefore satisfy Vlasov equations of the form 
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3.42 
where Ent > internal electrostatic field and Ext? Boyt are the sums 
of the externally applied wave fields. 

For sufficiently intense electromagnetic waves Eye Ret 


whereby first order perturbations of the distribution functions from 


Maxwellian are obtained by taking E. 0. This result can be 


ee 

Subsequently used to calculate a second order perturbation for cent Foils 
Details of this calculation are given in Appendix I where 

the spatially and temporally Fourier-transformed second order electron 


perturbation averaged over velocity space is shown to be approximated 


by 
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where E = wave electric field amplitudes 
Nn, = mean electron density 
so lispei ls 
Aw = Wo - Wy 
-] 


and the function W has been previously defined (eqn. 3.13). This 
result applies for Li > T.. 

The second order density perturbation is Noo (kw) ane 
Fook). Using 


Nag(ret) = tack ee dk du 3.44 
(2n) 


and eqn. 3.3, the form factor for Thomson scattering from these 


fluctuations is 


; 2 
1+ 2 tec 
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nee Me eo 108 xg) 402242) i04) 


(xQ) (hae -E,) + 2(ky “En) (ky Ey } 





e 
cea (ky *E5) (katy) ff 3.45 


wheres, | = 6(k-Ak)8(w-Aw) + 5(k+Ak) d(wtdw). 
Thus enhanced scattering occurs only at freauency shifts 


Aw=+(wo-w,) and when the scattering wavevector k = +(ko-k,). The 
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above result is essentially that of Meyer and Beenshield: | 2) 


in the 
limit of no external magnetic field. The additional terms involving 
(Ky Eo) (ky*Ey) account for cases of non-parallel electric fields. 

It can be seen that the enhanced scattering cross-section is 


large for resonances in the plasma dielectric constant « = 1 + af (X,) 


Zas(2)W(x, ) as is found for thermal plasmas. The case where electron 
i 
waves are excited (aS W(x,)>1) has been discussed by Kroll, Ron, and 


(15) 


Rostoker with experimental Thomson scattering results reported by 
Stansfield et ay (8) , 
On the other hand, ion waves can also be excited. In this 


case X, << Xs < 1 thus W(x) ~ 1 and 


a(x.) 
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3.46 


It is of interest to calculate an approximate maximum value 
of this form factor. For simplicity, Te = I and Z = 1 will be taken, 
In addition the sum of terms involving E,; E. can be approximated by 


ra 
[kI7[EqIIEp| so that 
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Note that the above results for both low and high a, are approximately 


equal and that by definition a, = (eee hence 
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where I = (c/8n)E“ = wave intensity. 
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Thus for a fixed plasma, the induced ion fluctuations are 
considerably larger if long wavelength radiation is used over short 
wavelength radiation. However, frequencies greater than Whe are 
still required to allow penetration of the plasma. 

In addition it should be remembered that ean. 3.47 for 


coupling to ion waves applies only if the condition Xs < ] has been 


met by choosing the incident mixing waves such that Aw 


cA 


[akly, 

Of particular interest is that this process can occur in a 
plasma produced at the focus of a single high power laser. Although 
two incident waves are not clearly distinguishable in this case, 
mixing is still possible since there is a range in frequencies defined 
by the finite laser linewidth and a range in k defined by the focal cone 
of incident radiation. Use of a long wavelength laser would not only 
induce large amplitude ion waves but would do so over a large fraction 
of the input focal cone whereby essentially all of the laser power 
would be available for coupling purposes. Measurements of enhanced 
Thomson scattering from such induced waves in a TEA (0, laser-produced 


plasma are reported later in this chapter. 


3.3 Thomson Scattering From a Low Density Plasma 


Sie pe eS chef 


The experimental setup used for scattering from a low density 


plasma is shown in Fig. 3.4. The hollow cathode discharge used was 


(16), 


identical to that of Gerry An arc is struck between a tantalum 


cathode and copper anode in approximately 107° Torr of argon and is 
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confined to a 0.5 cm diameter column by an axial B field of ~ 500 gauss. 

Power requirements of 40A at 40V are supplied from a D.C. welding supply 

while initiation of the arc is accomplished by applying several kilovolts 
of R.F. between the electrodes. Typical axial parameters at these 


13 oe 


operating conditions are Lee 5x10 : be = 5 eV and T. v0.5 eV. 


(17) with output 


A low-pressure discharge-modulated C0, laser 
power variable from 50 - 400 watts rms at 400 Hz was focused into the 
plasma with a 50 cm gold-coated mirror. After passage through the 
plasma, the beam was dumped into a blackened wedge-shaped absorber. 

Use of polarized radiation was doubly advantageous. With 
Brewster windows on the plasma chamber, large stray light levels arising 
from window reflections could be minimized. Secondly, this allowed the 
electric field to be oriented perpendicular to the wavevector of the 
scattered radiation collected, enabling a maximum Thomson cross-section 
to be obtained since 8 = 1/2 (see eqn. 3.1). A polarized output from 


the laser was obtained by employing Brewster windows on the laser discharge 


tube. 
As a reasonable compromise between a distinct electron feature 


and required spectral resolution, a scattering parameter a = 2 was chosen. 
Thus for typical parameters of this plasma, a forward scattering angle 
of 22° was used. 

Although a large collection solid angle Ag is desirable for 
increasing the scattered power detected, care must be taken to assure 
that the variation in k = k.-k. is small over A® in order to minimize 
smearing of spectral details. In this experiment a collection solid 


angle of m x eee sr was used for the scattering angle of 22°. 
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Scattered light was collected over this solid angle by a 
Cassegrainian mirror system modified to provide a well-collimated 
output beam. Such good collimation was necessary since a scanning 
Fabry-Perot interferometer was to be used for spectral analysis. A 
blackened conical viewing dump was placed opposite the Cassegrainian 
in order to minimize detected stray light from inside the chamber. 

A 6.5 cm focal length NaCl lens was used to focus the output 
beam from the Cassegrainian onto a mercury-doped germanium detector 
cooled with liquid helium. This gave an overall magnification of 0.5 
in the collection system which for the detector size of 1 x 2 mm? 
enabled scattering to be observed from the total intersection volume 
of laser and plasma. 

A narrowband 10.6u filter (B.P. = 1600A) also cooled to 4.2°K 
and mounted directly in front of the detector gave an improved 
responsivity of 4x10! volts/watt ( a factor of 80 over no filter) with 
no increase in noise level. Even with this improvement in signal-to- 
noise, expected scattered signal levels were still well below that of 
broadband detector noise (6 uV/VHz). Synchronous detection employing 
a PAR model HR-8 lock-in amplifier was therefore necessary for improved 
signal-to-noise. Integration time constants of 10 - 100 sec were used 
in the measurements. Phase reference for the lock-in was obtained from 
a laser current monitor. 

Finally, a blackbody radiator was placed at the scattering 
center and the overall collection optical system transmission factor 


was measured to be 0.14. 
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3.3.2 Results and Discussion 


Preliminary measurements of integrated Thomson scattering were 
done with no spectral dispersion in the collection optical system. 
In this case, the scattered power is described by eqns. 3.2 


and 3.19. Separate Langmuir probe measurements yielded tas 1.5x10!9 


cm? and li = 4.7 eV. The ion temperature was taken to be 0.5 eV. Thus 


for a 50W incident laser beam, a total scattered power of 4.9x107!3 watts 
would be expected, or including the optical transmission and detector 
responsivity, a scattered signal level of 2.7 uV. 

Stray light was reduced to a minimum obtainable level of 15 uV 
for 50" of incident laser power. Irising near the laser was done to 
limit the beam size and highly divergent modes. Optical baffling 
preventing the Cassegrainian from directly viewing the entrance and 
exit apertures of the hen chamber gave significant improvement by a 
factor of 30. In addition, completely enclosing the detection system 
eliminated background sources outside the chamber. 

Such large stray light levels are not normally a problem since 
they can be subtracted from the scattering measurements. In this 
experiment however, background level variations of 18% occurred on 
minute time scales. Transverse mode changes in the laser were mainly 
responsible with 5% variation being caused by output power and phase 
fluctuations. For long integration times, no improvement was obtained 
Since very slow drifts were still present. 

Statistically averaged measurements over ten plasma on-off 


cycles implied a scattered signal of 1.5 uV. Agreement with the expected 
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2.7 wV to within a factor of two is quite good under these circumstances. 
Signal levels given above correspond to an input laser power 
of 50W rms. Measurements at powers up to 400W yielded a linear behavior 
of both stray light and Thomson scattered signals. Effective noise for 
integration time constants greater than 20 sec was less than 1 uV, thus 
in this case, no advantage to using powers above 100W was obtained. 
Because the background was large and drifting, and the electrical 
noise level only marginally below that of Thomson scattering, no spectral 
analysis was attempted since the scattered power per spectral band would 
be considerably less than the integrated scattering. It is clear that 
successful spectral analysis would require a stable high power laser 
and long integration times in order to improve both signal-to-noise 


and signal-to-background. 


3.4 High a, Collision-Dominated Thomson Scattering Measurements 


3.4.1 Betup 


A schematic of the backscattering experiment from an argon 
plasma jet is shown in Fig. 3.5. Parameters of this jet are known 
from the absorption and interferometry measurements of Chapter II. In 
this experiment the jet was operated at 300A and an argon flow rate of 
100 cc/sec, 

The C0, laser, input optical system and beam dumping were 
identical to those used in conjunction with the hollow cathode discharge 
discussed in the previous section. Here the scattering volume was 


situated 8 mm above the jet anode. 
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For typical plasma jet electron densities and temperatures, 
the scattering parameter a for 10.6u radiation is greater than 36 for 
any scattering angle 6 thus establishing a highly cooperative Thomson 
scattering regime. In this case the width of the scattered spectrum 
is inversely proportional to a. Thus to minimize the spectral 
resolution required, a value of a = 37 corresponding to a scattering 
angle of 160° was chosen. 

Thomson scattered light was collected by a modified Cassegrainian 
system. A He-Ne laser illuminating a small metal ball centered in the 
scattering volume was used to align the two Cassegrainian mirrors to 
achieve the best collimated output beam. The theoretical minimum full- 
angle divergence of 7 mrad for this system was obtained. This assured 
excitation of only the axial cavity mode in a scanning Fabry-Perot 
interferometer placed immediately behind the Cassegrainian. 

This Fabry-Perot consisted of two germanium substrate mirrors 
both with dielectric coatings for a reflectance of 94% on one surface 
and 0% on the other. Its general characteristics and performance are 


described in Appendix II. A nominal plate spacing of 10 cm was used to 
obtain a free spectral range of 5.6 A which was marginally greater 


than the 4.5 A FWHM scattered spectrum that would be expected on the 
basis of a collisionless plasma. Small variations (up to 16) in 
this spacing were effected by a piezoelectric crystal that was mounted 
behind one of the mirrors and driven by a high-voltage ramp generator 
(Oe wleab, Ki.).. 

A 6.5 cm focal length NaCl lens focused the output beam from 
the Fabry-Perot onto a mercury-doped germanium detector through a 
cooled narrowband filter as described in the previous low density 


measurements. Synchronous detection was again utilized for signal 
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averaging and noise reduction. 

An oscilloscope provided for visual display of the scattered 
Spectrum. Since Fabry-Perot resonant wavelength shifts are directly 
proportional to spacing (for constant mode number), a ramp generator 
monitor was applied to the scope X-axis to obtain a linear wavelength 
dispersion. Output from the lock-in amplifier was used for amplitude 
deflection. 

Measurement of spectrally integrated scattering was done with 
the Fabry-Perot interferometer removed from the optical system. In 
this case a blackbody radiator placed at the scattering center yielded 
a transmission of 0.18. For these measurements an incident laser 
power of 50W rms was used. Higher powers were not required since 
observed signal levels were well above detector noise and stray light 


levels. 
3.4.2 Results and Discussion 


Measurements done here were for an average electron density of 
1.2x10!7 cm™> in a viewed scattering volume of 1 x 2 x 3 mn>. The 
electron and ion temperatures were taken as 1.2 and 1 eV respectively. 
For these parameters, o = 37 resulting in a distinct central ion 
feature in the scattered spectrum which would have a FWHM of 4.5A if 
collisions were negligible. However collisional effects are important 
here with the collisional parameter of the ions p. 8.4 ANUS a 


considerably narrower lineshape with a FWHM of ~ 0.65A, as described 


by ean. 3.37, was expected. 
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Since collisions only modify the spectral shape, the 
integrated scattering is still predicted by eqns. 3.2 and 3.19. In 


this experiment BL = 3.6x10'6 cm™?, which inferred a total scattered 


power of 2.25x107> 


watts for an incident laser power of 50W rms. 
Including the optical transmission factor and detector responsivity, 
this corresponds to a scattered signal level of 17 mv. Experimentally, 
a value of 26 mV was measured with the Fabry-Perot interferometer 
removed and is in reasonable agreement with the expected result. 

Subsequent spectral measurements were done using the Fabry- 
Perot interferometer. For the etalon spacing of 19 cm, corresponding 
to a free spectral range of 5.6A, a finesse of 6 was obtained as shown 
in Fig. 3.6. Alignment was done using a low pressure C0, laser 
(linewidth ~ 0.1A) hence Fig. 3.6 represents the instrumental linewidth. 

This resolution of 1A, though not as good as desired, 
nevertheless allowed an unambiguous check for line narrowing and 
disappearance of the ion peak. Furthermore for a narrow line, observation 
of the fractional broadening over the instrumental width would set an 
upper bound on the scattered linewidth. 

Background scattering and noise as shown in Fig. 3.7a was well 
below plasma scattering which is shown Weld. Bob. A Scattered 
linewidth of about 0.5A was obtained from empirical folding with the 
instrumentat linewidth. 

It is clear that pronounced narrowing of the ion feature and 
the disappearance of the ion acoustic resonances indeed occurs as 
expected for a highly collisional plasma. These results however are 


(18) 


at odds with recent theory by Leonard and Osborn which predicts 
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Riper 3u/ Fabry-Perot interferograms: (a) noise and 
background scattering (jet off), (b) Thomson 
scattering. Vertical deflection factors are 
the same in both cases. 
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only marginal narrowing and enhanced ion acoustic resonances. This 
discrepancy may well be due to their assumption of a fully ionized 
plasma. Other recent pafemiarions © imply spectral narrowing and 
reduced ion resonances in partially ionized plasmas, such as the 
plasma jet used here, although no specific results have been presented 
for Thomson scattering of 10.6y radiation. 

Further collision-dominated Thomson scattering experiments 
are therefore required to test these various theories. Such measurements 
would require a substantially higher resolution than was attainable 
here. During this writing, new Fabry-Perot etalons with higher 
reflectivity have arrived and proved capable of resolving down to the 


laser linewidth itself (0.1A). 
3.5 High a, Enhanced Thomson Scattering 


o.0.4 S6cun 


Measurements of scattering from non-thermal fluctuations were 
done using the arrangement of Fig. 3.8. A confocal 10 cm lens and 
concave mirror, used as a total reflector on a UV initiated Rogowski- 


(20,21) was enclosed in a low pressure (15 Torr) 


type C0. laser 
hydrogen cell. Breakdown occurred at the focus when the laser was 
fired. 

Scattering measurements at 10.6u were performed in a plane 


perpendicular to the cavity axis using a separate helical pin TEA C0, 


laser focused into the plasma via a 10 cm focal length NaCl lens. 
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Both the probe and plasma-producing lasers were unpolarized. 

Thomson scattered radiation at 90° was collected by a modified 
Cassegrainian system and detected by a mercury-doped germanium detector 
as previously described. Loading of the detector to 5602 gave a 
detection time constant of less than 100 ns. In these measurements the 
cooled narrowband 10.6u filter was not used. Even with the resulting 
lower responsivity, large signals were observed and mylar attenuators 
in the collection system were necessary in order to maintain a linear 
detector response. Output from the detector was monitored on an 
oscilloscope. 

To establish that the observed signal was neither refraction 
nor reflection of the probe beam, a scanning Fabry-Perot interferometer 
was used to check for a Doppler shift in the detected radiation. 

Large amounts of stray light and Thomson scattering from the 
plasma-producing Rogowski laser which normally also operated at 10.6n, 
was eliminated by utilizing an intracavity SF cell to tailor its gain 
pror1ies For.i00 Torr of SF in the 5 cm long cell, lasing occurred 
only at 9.6u. With both > 10u long wavelength pass and 10.6u bandpass 
filters in the collection optical path, rejection of this radiation was 


> 10°. 


Thus scattering of the 10.6u probe laser could be easily 
detected by discriminating against the 9.6 laser producing the plasma. 
In addition, the 10.6y filter limited the plasma emission seen by the 


detector to values less than that of Thomson scattered radiation. 
3.5.2 Results and Discussion 


Scattering measurements were done for a probe laser power of 


1.5 MW and a plasma-producing laser power of 300 MW. Results reported 
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here were for an initial cell pressure of 15 Torr hydrogen. 


Typical parameters in the scattering volume (1 x 1 x 2 mm?) 


were n, v 4x10!? cm, i ~ 10 eV and T, ~ 5 eV. Thus the scattering 
parameter a = 33 and collisional varameter ae 0.5, whereby a dominant 
central ion feature with a FWHM = 55A not substantially modified by 
collisions would be expected on the basis of thermal fluctuations. 
In addition, for 1.5 MW of unpolarized incident radiation, interaction 
length of 2 mm and collection solid angle of #10" Sr, a total 
scattered power of 7.5x107W would also be expected. 

With the Fabry-Perot etalon removed, a spectrally integrated 
Signal level of 0.22V was measured. For mylar attenuation = 216, 
overall transmission = 0.1 and reduced detector responsivity (including 
loading), this corresponded to a scattered power of 85 mW. Thus the 
observed signal was larger than that predicted on the basis of thermal 
fluctuations by a factor of about 1100. 

On the other hand, such a large signal could be due to 
reflection or refraction rather than Thomson scattering. During the 
production of this transient plasma, a radial shock wave with peak 


density v 10!8 om-3 6 ee shea In 


expands at a velocity of ~ 5x10 
this case the laser frequency is only a factor of three above the 
plasma frequency and, along with the density gradient, might have 
accounted for the observed fractional scattering of 1077. Such sources , 
however, would be Doppler shifted by about 15A, 

To check for such a eer te a Fabry-Perot interferometer with 
free spectral range of AOA and resolution of 6A was employed. It was 
found that the plasma-scattered spectrum was not shifted from that 


‘obtained by suspending a small metal ball at the scattering center. 


Thus reflection/refraction can be ruled out as the source of observed 
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signal. 

In addition, the instrumental width was broadened by only 20%; 
thus the enhanced Thomson scattered radiation was substantially 
narrowed over the FWHM of 55A predicted for a thermal plasma. 

Therefore the observed scattering is attributable to non-thermal 
fluctuations. 

As discussed in section 3.2.3, induced fluctuations in this exp- 
eriment can arise from mixing of an infinite number of waves defined by 
the focal cone and laser linewidth. Thus, according to eqn. 3.46, 
enhanced scattering would be seen only if the scattering k were matched 
to any ko-k, where ky 42 lie within the plasma-producing focal cone of 
radiation. In this experiment such matching was not used, therefore 
eqn. 3.46 does not directly predict the observed enhancement. However, 
non-thermal fluctuations diffuse in k-space, whereby the measured 
enhancement of 1100 is Maer bound to the level of enhancement that 
would be found for matched conditions. 

That the 9.4u Rogowski laser efficiently induced fluctuations 
over a wide spectrum can be seen from the coupling condition Aw «dk v.. 
For these measurements, the cone of focused radiation had an apex angle 
of 22° (3.8 cm aperture and 10 cm focal length). Thus the mean angle 


2 


e agin” fer Whi chats: Of the 


of 11° would imply strong coupling for Aw < 


order of the, laser linewidth (Aw) % 19!9 sec™!), 
An approximate quantitative expression for the enhancement 
in spectrally integrated scattering can be obtained from the total 


coherent longitudinal wave energy density in the plasma, which is given 


by 
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where the form factor for Thomson scattering has been substituted for 
the electron density autocorrelation. Values of |k| are limited to 
Dre {ki < ‘eal since shorter wavelength cooperative fluctuations are 
heavily Landau damped. 

In the absence of induced waves thermal fluctuations prevail, 


whereby using eqn. 3.19 and taking Z = 1 and Te = T; for simplicity, 





Uthermal ~ o@ 2 


Assuming the non-thermal energy to be the same before and 


after diffusion in k and therefore using eqn. 3.50, 
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where i = laser intensity and WV Wo V Wo. 


Thus a relative measure of the enhancement as given by the 


ratio of total non-thermal to thermal wave energy is 
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Experimental ly iS ~ 2x10 erg/sec-cm* at A = 9.6u, A sa 3.7x19°© cm 


D 
and a typical |Ak| ~ 1250 cm”! corresponds to the mean focal cone angle 


of 11°. For these values u ;/u ~ 9400. Although only 


nontherma thermal 


a rough approximation this result does indicate that the enhancement 
of ~ 1100 found experimentally is not unreasonable. 

Subsequent experiments to measure the k-spectrum of these 
fluctuations would be useful in the study of laser light absorption by 
non-linear processes in plasmas of thermonuclear interest. From the 
results reported here, it is clear that Thomson scattering of 10.6n 


radiation would serve this purpose adequately. 
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CHAPTER IV 
PLASMA PERTURBATION BY ABSORPTION OF 10.6y RADIATION 


4.1 Introduction 

Inverse bremsstrahlung absorption (~ nn‘) of 10.6u radiation 
in plasmas is substantially greater than at visible wavelengths, which 
results in correspondingly larger perturbations of density and 
temperature. This is of particular importance in cases where a high 
power pulsed TEA C0, laser is required for plasma diagnostics such as 
Thomson scattering. 

When the plasma being investigated is only partially ionized, 
small amounts of heating can significantly change the electron density 
(n, % fa) which in tun leads to substantially increased absorption. 

Two experiments measuring the perturbation of a partially 
jonized argon plasma jet by a focused TEA CO, laser are described. 
First, the amplitude of the shock wave generated was recorded using a 
high speed piezoelectric pressure transducer. In the second, enhanced 
bremsstrahlung radiation was used to monitor plasma heating. 

The purpose of these measurements was to determine practical 
limits of laser power beyond which large perturbations were induced. 

An approximate quantitative description of the dominant perturbing 


mechanism is also given. 
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4.2 Measurement of Shock Energy Released 
4.2.1 Setup 


The experimental arrangement is shown in Fig. 4.1. Radiation 
from a helical pin TEA C0, lasers |? with nominal output energy of 0.2 
joule was varied by using calibrated attenuators constructed of thin 
mylar sheets (.002", .006"). This attenuated beam was focused into an 
atmospheric pressure argon plasma jet (2) by a 10cm focal length NaCl 
lens. 

The resulting interaction volume of laser and plasma had a 


cross-sectional area of 1mm 


and a length of ~ 3mm through the plasma. 
A long Langmuir probe was swept through the plasma (Chapter 
II)in order to monitor the average electron density which was varied 


oar ier—3 


over 10 by axially translating the jet. 

Measurement of plasma perturbation was done using a high 
speed piezoelectric pressure transducer to record the amplitude of the 
shock wave generated by absorbed C0, laser radiation. This particular 
piezoprobe (Atlantic Research LD-25) had an adequate time resolution of 
~ ] psec. It was mounted on a movable stand to permit easy positioning 
at varying distances d from the focal volume; results given here 
correspond to d = 2 and 7 cm. A check of the transducer response 
(2V/atm.) was done using a shock tube to provide a known pressure jump. 

Finally a capacitive spark discharge in air was used for 
calibration of piezosignal vs energy released at a point. Good agreement 


(3) 


with theoretical blast wave relations was obtained. Energies in the 


range 100 - 500 mJ were used. 
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4.2.2 Results and Discussion 


Two separate sets of measurements were done. In the first the 
piezoprobe signal was monitored as a function of laser input energy for 
a constant initial electron density of 3x19 !6 com>, Fig. 4.2 shows 
energy release EY from the focal region vs incident laser energy E.. 

Two additional curves assuming complete transfer of absorbed energy to 
shock energy are also given. The first corresponds to total absorption 
of incident laser light while the second assumes only small perturbations 
whereby the absorbed energy is determined by the initial electron density 
and temperature. 

It is clear that for E. x 20mJ plasma disturbances are large. 
On the other hand, the minimum detectable shock energy of » 10783 was 


much less than the 2x107° 


J of electron thermal energy in the focal 
region and hence can be considered a small perturbation. 

Thus a threshold laser energy of ~ 10mJ exists in this case. 
Due to the highly non-linear behavior, it is unlikely that this limit 
could be exceeded by more than a factor of 3 for useful diagnostic 
measurements under similar plasma conditions. 

An approximate quantitative description of the heating process 
can be obtained from the energy density in a partially ionized plasma: 
= = nT 3 3 nT, ns on 1, t no! eV/cm? 4.] 
for n= cm ~, T = eV, I = ionization energy (eV) and e,i,n = electrons, 
jons, neutrals respectively. 


For a simple analysis, expansion of the focal volume will be 
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Bidar. Shock energy released vs incident laser energy 


for a constant initial electron density of 
3x101& cm=3, 
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neglected along with energy losses through heat conduction and radiation. 
Thus for this fixed volume, n. + Sie constant. In addition it is 
reasonable to take T; ay be Since the ion-neutral equipartition time is 
< 20ns for conditions in the jet. 


Equating absorbed power (using a of eqn. 2.18) to du/dt, 





2 
1.8x1072° Pika feta 3 3), wey, che mi 
Y A t Bye 2 #e dt 20 Ut 
e 

dn 

2 e 
+ is b+ be 4.2 
where A = cross-sectional area of the focus, P. = incident power and 


‘ 
the units are eV and cm. The radiation intensity was taken to be 


constant across the focal area A. 

Several limiting cases can be easily calculated. If all of 
the absorbed energy goes into heating only electrons (no jion-neutral 
heating or increased ionization), the final electron temperature, 


upon integration of eqn. 4.2, would be 


1.88x107 Png. |? 
Hy = |] + ———>——- t ee 
Go até = 
e 
] 
for he = eV, nae cm”, E. =J,A= cm”. The shock wave energy is then 
given by 
ee , 1-B8x10" ng” 
E = 2.4x10 “nT. Ag | (1 + -—-———— -] 
) ee AT 5/2 
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where 2 = interaction length = 0.3cm, n, = cm73, Bed rand T = 7ey 


This is an upper limit since all of the absorbed energy is assumed to 


be converted into shock energy. 


If ions and neutrals are heated at the same rate as electrons, 


1.88x107 ne, oie 
Te = {1 +e}, 4.5 
2 AEG ene) ] 
seen | 1.88x107PnZe. 2/5 
E = 2.4x10 n.t+n_)T. Agt(] + -———--—_——_- “ F 
‘ es at ~f0n an ) 


ey SN "O6; 
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These two cases correspond to zero and infinite electron-ion 
equipartition times ti? For typical jet densities and temperatures, 


as 40-100 ng 4) which is much smaller than the laser pulse length of 
3 us. Thus eqns. 4.5 and 4.6 would be expected to give the best results 
if only the temperature increased. 

On the other hand, if all of the absorbed energy goes into 


increased ionization (Ft = 0), the final electron density is given by 


Te spe eB 4.7 


for E. =J,A= cm, T = eV, I = eV, n = cm ~ which gives a shock energy 
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n. E2 
1.8x1072° mie 
nas 72 
e 
Ea . 4.8 
: 1.12x107 18, E. 
e 71 
- 1 
3/23 
at /¢(3t +1) 


Unlike the previous AT cases, a catastrophic process occurs for 


a el 
AT “(ST tT) 


ee yee 4.9 
Bot sin: oh 
y 


Equations 4.6 and 4.8 are plotted in Fig. 4.2 for na 3x19 16 


cm7?, a. a iey, A = 1072 cm?, g = 3mm and I = 15.7 eV (argon). Clearly 
the An, limit is much more dominant than the AT limit. It is evident 
that the rapid onset of large perturbations forcast by eqn. 4.8 is 

in reasonable agreement with the experimental threshold of about 5 this 
quantity. 

That the energy output at low laser inputs is much less than 
that corresponding to complete conversion of bremsstrahlung to shock 
energy merits some qualitative discussion. Since most of the absorbed 
energy is taken up in further ionization, pressure wave generation will 
be governed by recombination where, from Chapter II, recombination times 


18 16 wae 


range from 10 us at n, = 10 cm™? to 1 ms at elt 


Absolute calibration of the piezoprobe used to obtain the shock 


energies applies only to a fast release of energy. Experimentally, an 


18 c aa) with fast recombination was used while the 


(3) 


air spark (n, > 10 


m 
e 


theoretical relations of Brode assume an instantaneous energy deposit 
at a point. Obviously for longer-lived energy releases, lower amplitude 


pressure jumps will be measured by the piezoprobe. | 
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Thus at low level laser inputs, where the transiently 
enhanced electron density is still small, measured shock energies are 
expected to be less than the actual values. However, this should not 
Substantially alter the large-disturbance threshold because of the 
highly non-linear behavior of Fig. 4.2. 

In the second set of measurements, input laser energies 
required to produce a fixed low-level perturbation were monitored as a 
function of initial electron density in the jet. A constant shock energy 
of 10783 corresponding to the minimum detectable piezosignal was used. 
The electron density was varied by focusing the TEA laser at different 
heights above the jet anode. 

Results of these measurements are shown in Fig. 4.3. Also 
plotted are two curves of the breakdown energy defined by eqn. 4.9. A 
constant electron temperature of 1.2 eV was used in (a) while in (b) 
temperature corrections derived from Saha equilibrium of the inital 
conditions have been included. 

Thus over a wide range of electron densities, it can be seen 
that a relatively low-level perturbation is assured by taking input 


laser energies below about 0.1 of that predicted by the breakdown energy. 
4.3 Measurement of Enhanced Emission 


4.3.1 Setup 


A schematic of the experiment is shown in Fig. 4.4. Output 


radiation from a helical pin TEA CO, laser was varied by using mylar 
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attenuators. A portion of the attenuated light was obtained from an 
uncoated NaCl beam splitter (two-surface reflectivity = 8%) and 
monitored using a Gen-Tec pyroelectric energy detector. The transmitted 
beam was focused into an argon plasma jet as done in the previous shock 


measurements with resulting interaction volume of »~ 1mm? 


x3mn. 

Plasma emission at visible wavelengths was collected from this 
volume and imaged at the input of a 0.25m Jarrel-Ash monochromator by 
a lens. A system of two flat mirrors provided image rotation whereby 
the 3mm length of perturbed plasma could be imaged parallel to the 
entrance slit. 

Slit sizes of 1000u were used in the measurements to obtain 
relatively large signal levels and a spectral integration of continuum 
radiation over approximately O5A, With these large slits, improved 
spatial resolution was achieved by positioning the collecting lens and 
monochromator to give a two-fold magnification of the interaction 
volume. 

A photomultiplier at the monochromator output was used for 
light detection. Loading to 51K2 was found to be a reasonable compromise 
between a maximum in signal level and a minimum in response time. In 
this case the detection time constant was 30 usec. 

Both plasma emission and input laser energy were simultaneously 
recorded on an oscilloscope. Quiesent emission was monitored by 


inserting a chopper wheel into the collection optical system. 
4.3.2 Results and Discussion 


Measurements of transiently enhanced emission, centered at 


A = 6909A, as a function of input laser energy were done at constant 
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initial electron densities of 3x10!© and 8x10!® cm73. 

These results are plotted in Fig. 4.5 b,d where enhancements 
have been normalized to the non-perturbed emission. Random 
fluctuations of about 6% in the quiesent emission precluded measurement 
of lower level perturbations. The values actually measured have been 
multiplied by a calculated correction factor of 1.5 since the reference 
levels included emission from outside of the interaction region (see 
Fide 4.6). 

It can be seen that the large disturbance threshold for 


15 ~3 


ae sx10 a cm (curve b) and marked non-linear behavior are in good 


agreement with the previous shock results. For low input laser energies, 


a larger relative perturbation for n, = gx10!® on™ 


was found as 
expected, 

The An, model (eqn. 4.7) can be used to approximately calculate 
enhanced emission from the interaction volume V shown in Fig. 4.6. A 
constant electron temperature will be taken, since spatially te varies 
by only ~ 30% in V and temporally AT = 0 (An, limit). 


In this case, plasma emission per unit volume integrated over 


both a fixed wavelength interval Ad and solid angle is 


e ™ constant x né 4.10 


since essentially all of the light results from free-free electron 
transitions (AA = 25A). The enhancement y in detected power is thus 


2 
in, dV - Ina dV 


a 2, 1 | : 4.11 
Sn- dV 
an 
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10°2 10°! 
INPUT LASER ENERGY (joules) 


Enhanced plasma emission vs input laser energy. 
Measured curves (b) for ng = 3x10!® cm-? and 

(d) for na = 8x101© cm-% correspond to theoretical 
curves (a) and (c) respectively. 
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Taking No to be constant in y,z and initially linear in x, 


eqn. 4.7 for the final density, eqn. 4.11 can be readily integrated to 


give 
3. .2x(1-x 
y Roan! Fae + an(1-2x) 3-1 4.12 
x 
1.12x107!8E.cn_ > 
Te 
where A 
Bie (os 
AT , (57 +1) 
and E. =J,A= cm’, ee Gy wel eV cn je = om? = average initial electron 


7] 
density in V. 
Physically however, y cannot exceed a maximum value corresponding 
to complete ionization of all available neutrals in V. If hes total 
number of particles in equilibrium at temperature T and atmospheric 


pressure prior to the laser pulse, 


3n, ny 
~ { 
max Ren Se. Pen = 








a 1} . 4.13 


Eqns. 4.12 and 4.13 are plotted in Fig. 4.5 a,c for initial densities 
of 3x10!© om 3 and sx10!® om, 

Agreement with experiment is reasonable considering the 
numerous approximations used. It should be remembered that the An, 
model is only, a limiting case where all of the absorbed energy is taken 
up by further ionization of neutrals. 

In practice, however, some of the absorbed energy increases 
the plasma temperature. Expansion of the laser-heated region resulting 


in decreased densities is also important in these measurements in view 


of the somewhat long photo-detection time constant of 30 us. Thus the 


of betsrpednt yftbset sd mba TT.b 
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An, limit is expected to over-estimate measured enhancements, as is 
indeed borne out by Fig. 4.5. 

Nevertheless, approximate maximum levels of TEA C0, laser 
energy usable for diagnostic purposes can be determined. As can be 
seen from both the shock and emission measurements, low level perturbation 
is assured for laser energies less than one-tenth of that required for 
breakdown (ean. 4.9). 

These results are, of course, still only applicable to 
atmospheric pressure partially ionized plasmas. For other cases such 
as more fully ionized plasmas, it may well be that the An, limit will not 


apply. 
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CHAPTER V 


SUMMARY AND CONCLUSION 


Interferometry, absorption and Thomson scattering of C0, 
laser radiation have been established as useful plasma diagnostic 
techniques. 

Inverse bremsstrahlung absorption in moderately dense 
plasmas has been found to give excellent results both qualitatively 
and quantitatively. Even though absorption depends on both electron 
density and temperature, either of these parameters can be determined 
if the other is known. Furthermore, in partially ionized plasmas 
where i" is approximately constant over a wide range of Noe absorption 
alone can be used to measure spatial variations in electron density. 

The first experiment accurately measured the absorption 
coefficient using an electromagnetic shock tube with predictable 
electron density and temperature and a C0, laser. Subsequent spatial 
measurements of transmission through an argon plasma jet with known 
temperature have been Abel unfolded to give electron density profiles 
that are in agreement with those measured by other methods. 
Absorption can thus yield spatially resolved No in partially ionized 
plasmas where the variations in - are small (n, av Tey) 


On the other hand, if neither n_ or Ig is initially known, 


e 
n, can first be determined interferometrically which in turn enables 
calculation of di from the absorption. The major advantage of CO, 
laser radiation for these techniques is that the measurable fringe 


shifts and attenuation are appreciably larger than at shorter 
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wavelengths. Both interference and absorption were easily observed 
for spatially integrated densities <ne> % 5x10 © om72, 

A 10.6u Mach-Zehnder interferometer set up around an argon 
plasma jet has been used to quantitatively verify the theory of 
convection limited ion current to a Langmuir probe in a flowing high 
density plasma. Thus confidence can now also be placed in electron 
densities measured by Langmuir probes in highly collisional plasmas. 

A new technique using simultaneous absorption and interferometry 
is particularly useful for transient plasmas. Such measurements on a 
laser-produced plasma have yielded the temporal behavior of both No 
and ve: This setup has proved to be most useful for determining 
electron-ion recombination coefficients as functions of electron 
density and temperature. 
| Thomson scattering from low density plasmas was marginally 
successful at best. An experiment designed around a hollow cathode 
discharge could only provide measurement of the integrated scattering. 
Insufficient signal-to-noise prohibited spectral resolution of the 
scattered radiation. In addition, a large varying stray light level 
due to poor laser characteristics was unable to be subtracted from 
the Thomson scattering for improved signal-to-noise. 

Nevertheless such measurements should be possible with an 
improved experimental setup. It is clear that a very stable, high 
power laser is required for scattering from low density plasmas. 

Use of a TEA C0, laser is therefore quite attractive. Although a 
cooled narrowband filter in front of the detector is essential, 
signal-to-noise could be further enhanced by cooling the collection 


optical system as well. 
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On the other hand, Thomson scattering of C0. laser light 
from high density plasmas was successful. A high a, collision- 
dominated spectrum has been observed for the first time using an 
argon plasma jet. The central ion feature was found to be 
substantially narrowed over that predicted by collisionless scattering 
theory. The exact linewidth could not be accurately determined since 
it was less than the attainable resolution; nevertheless an 
approximate narrowing inferred experimentally agreed with that 
predicted for a collisional parameter p = (Kmep)a More detailed 
Spectral information would require a Fabry-Perot interferometer with 
a much higher finesse than that used here. A higher reflectivity 
etalon could be used for this purpose. 

Enhanced Thomson scattering of C0, laser radiation from non- 
thermal fluctuations in a laser-produced plasma has been done. A 
separate 10.6u TEA laser was used for 90° scattering in a plane 
perpendicular to the direction of the 9.6y TEA laser beam producing 
the plasma. In this setup the scattering wavevector k was not matched 
to any plasma modes directly pumped by non-linear self-mixing of the 
9.6u radiation. Thus the measured enhancement of ~ 1000 over thermal 
fluctuations represents a lower bound to the level of turbulence in 
this plasma. 

Further measurements at various k could be done by changing 
both the scattering plane and angle. This would establish the 
wavelength dependence of these fluctuations and therefore be quite 
helpful for a more complete understanding of non-linear coupling of 


high frequency radiation to plasmas. 
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Finally, the maximum pulsed C0, laser energies that can be 
utilized for diagnostic purposes in high density partially-ionized 
plasmas have been measured by focusing a variable power TEA C0. 
laser into an atmospheric pressure plasma jet. In this case the 
threshold for large plasma perturbations could be calculated by 
equating energy absorbed via inverse bremsstrahlung to an increase 
in ionization energy. Experimentally measured perturbations were a 
very non-linear function of input laser energy clearly defining a 
distinct threshold which cannot be appreciably exceeded. For C0, 


laser radiation, these thresholds are lower than at visible wavelengths 


by a factor of about 200. 


———— 
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APPENDIX I 


The propagation of two high frequency (w >> a! electromagnetic 
waves through an unmagnetized isotropic Maxwellian plasma is considered. 
Assuming collisions to be negligible, the electron (fF (rsvst)) and ion 


(fF, (r.v.t)) distribution functions satisfy Vlasov equations 
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where E,B are the external wave fields and Ent is the interparticle 
electric field. 

Assuming sufficiently intense external waves, first order 
perturbations Fay and Tey of ie and f. from the zeroth order Maxwellians 
can be obtained by taking Eat = 0. Defining the spatial and temporal 


Fourier transform as 
f(k,v,w) = | tlepuptel (ot karat AI.3 


these first order perturbations are given by 
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where E = sum of wave electric fields and the subscript m denotes the 
Maxwellian distributions as defined by eqns. 3.6. The electric field 
E is composed of transverse EM waves with w >> Une and the plasma 
under consideration is non-relativistic, whereby the denominators of 
the above equations can be approximated by -w since k*v << w. Thus 
the first order perturbations integrated over velocity space are 
essentially equal to zero. 

The second order perturbations are obtained for Een pee 


in which case the Fourier transformed Vlasov equations to second order 
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where a = electrons or ions and Le ear kk defines the potential 9. 


The, interparticle electric field satisfies Poisson's equation 
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where [f,,dv - 0 and n,, = average electron density. Thus 
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Substituting this ¢ into the Vlasov equations and integrating over 
velocity space gives the second order perturbation in electron density 
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Where E = E(k',w'), Tv teas 
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= B(k',w'), f k-k',V,w-w') and the 


al 
functions G, and G. are defined by eqns. 3.5. Since the integrals in 
both terms are similar, details of only the first involving Tey will 
be given. This integral will be denoted by Ro (kw) and the second by 
Re (kw). 


Noting that the plasma is isotropic and using the previous 


non-relativistic approximation 
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Taking components of v parallel and perpendicular to Be it can be shown 
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Attention is now given to evaluating I,; performing the 
velocity integration first. Taking vector components parallel and 
perpendicular to k and redefining the distribution function in terms 


of these components: 
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Integrating by parts 
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For two plane monochromatic waves 
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Defining a convention for conciseness 
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Attention is now turned to evaluation of I,. Noting that 
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Again taking velocity components parallel and perpendicular to k and 


performing the integral over velocity, 
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for the previously defined x' = k',w'. Substituting eqns. AI.22 and 
Al.23. for E*(x-x!) and Bia 7; integrating over k',w' and retaining 


only terms for w << W1 9° 
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Noting that in terms 6 (x+X5-X, ) that k = k,-k, and in terms 
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Substitution of eqns. AI.24 and AI.29 for I, and I, into ean. 
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Substituting these expressions for Ra and R. into eqn. AI.9, 


the second order electron density perturbation becomes, 
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or using the function W and dimensionless parameter x (see eqns. 3.9 - 


Bb 4s 


gi2 
nt ] 
fe (ko) Eo ee I 
e2‘—’ mn ww T k ,w 
ee T+all(x,) a4 a Wels 


| T 
{iei?e,"t,) : ky Ep) ky Ey) h ' aeten) 








AI .34 


where a, = (ae and Su = 6(k-AK)6 (w-Aw)+6(k+Ak) 6 (wtdw). 
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m.T 
Noting specifically that Xs Vigor Xa sit is clear that the contribution 
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This approximation essentially disregards direct excitation of ion 
fluctuations by the incident waves leaving only excitation through 


electrostatic coupling with electrons. 
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APPENDIX II 


Fabry-Perot interferometers have been extensively used for 
high resolution of spectra at wavelengths in the visible. On the 
other hand, only recently have improved optical coatings and detectors 
for the infrared enabled such measurements at long wavelengths. This 
appendix discusses the characteristics of a Fabry-Perot interferometer 
designed for and used at i = 10.6n. 

The classical theory of Fabry-Perotscan be found in almost 
any book on physical optics. In summary, the relations of experimental 
interest are: 


Resonance condition: 


mA = 2d cosé 


Free Spectral Range: 
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Angular Orders: 
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where ro = mean wavelength, 
m = axial (longitudinal) mode number, 
d = plate spacing, 
68 = angle of incident beam relative to the cavity axis, 
R = geometrical mean reflectivity of mirrors, 
n = angular mode number. 


These relations apply for m >> 1 (i.e. d >> ) which is generally used 
experimentally. 
The scanning mode of operation was used for the Thomson 


scattering measurements of Chapter III. In this case, only the axial 
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cavity mode is excited (6 = 0, n = 0) by a well-collimated incident 
beam. Wavelength scanning is done by changing the cavity length by 
small known amounts (AA -(2\aa). Note that wavelength shifts are 
directly proportional to variations in plate spacing. For Ad = oo 
Ad = ,/2 which also equals the inter-order separation (Am = 1). Thus 
wavelength calibration is automatic provided the plate spacing can be 
varied by at least one wavelength. 

The first step in designing a Fabry-Perot is to choose a 
free-spectral range (dynamic range) slightly greater than the total 
width of the incident radiation to eliminate overlapping of orders. 
Since Ae. 1s always only a function of d and dos the plate spacing 
required is therefore determined. This result can then be used to 
calculate the mirror reflectivity necessary to obtain the desired 
resolution. 

Etalons used for measurements reported in this thesis were 
originally purchased for Thomson scattering measurements from the low 
density hollow cathode discharge. It was hoped to be able to resolve 
both low a Doppler broadened (Ad ~ 900A) and the cooperative a = 2 
(AX ~ 200A) spectra. Extremely high resolution was undesirable since 
the transmitted power levels would not be detectable. Therefore a 
he = 1000A and a 1 = 20A were chosen, which required a reflectivity 
of 94% to achieve the finesse of 50. Such a reflectivity was obtained 
by a multi-layer dielectric coating on a germanium substrate. 
Reflectivities of up to 99% can presently be easily achieved using this 


technique. 
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(a) d=1.4 cm 
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(b) d=5.62 cm 
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(c) d=10 cm 
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Fabry-Perot resolution characteristics as a 


function of plate spacing. 
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With these etalons (R = 94%), a measured finesse of 45 and 
peak transmission of 90% were found for a plate spacing of 560u 
(a, = 1000A). For larger spacings both of these parameters were 
substantially less. Fig. A2.1 shows the resolution achieved with 
Coiede— al Aer aie 40A ,(b) d=25762 cm, ae 10/ and (c) d = 10 cm, 
dg = Beare Note that the amplitude scale is in arbitrary units and 
different in each case. The setup described in Chapter III was used 
to obtain these scans. 


For d 


10 cm, the maximum finesse was 6 and peak transmission 


~ 4% whereas F = 50 would be expected on the basis of mirror reflectivity. 
In practice, however, the actual finesse includes mirror tilt, mirror 
surface figure, diffraction and an inadequately collimated incident beam. 
These additional factors decrease F for increased plate spacings and 


become dominant for large d, whereby the finesse of 6 achieved with the 


optical system of Chapter III is not unreasonable. 
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